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ABSTRACT 

Background: 

Increased blood-brain barrier (BBB) permeability is seen after intracerebral hemorrhage 

(ICH). Following ICH, BBB dysfunction occurs due to direct (e.g. mechanical damage) and 

indirect (e.g. inflammation) injury. Damage to the BBB prevents maintenance of brain 

homeostasis. This thesis seeks to elucidate the time course of BBB permeability after ICH and 

investigate its relationship to local ion dyshomeostasis using novel imaging techniques.  

Methods: 

Bacterial collagenase was used to cause a striatal hemorrhage in rats. In experiment 1, 

animals were euthanized at days 3, 7, and 14 post-ICH following injection of Evans Blue dye to 

measure BBB permeability. In experiment 2, animals were euthanized at day 3 post-ICH after 

injection with a gadolinium-based contrast agent. A novel in situ biospectroscopic imaging 

technique was used to spatially assess changes in iron, chlorine, potassium, manganese, zinc, 

calcium, and copper in relation to BBB permeability.  

Results: 

After stroke, BBB permeability was significantly elevated at day 3 and decreased over 

time (time main effect; P < 0.001). At day 3 and day 7, BBB permeability was significantly 

elevated in the IPSI hemisphere as compared to SHAM samples (P < 0.001; P < 0.05, 

respectively). Contralateral BBB permeability did not differ between experimental groups at any 

survival time (P > 0.05). A subset of animals displayed BBB hyperpermeability (i.e. greater than 
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maximum SHAM levels) at all times sampled. Chloride, iron, potassium, and manganese 

dyshomeostasis occurred in the hematoma (P < 0.001). Chloride, iron, and potassium levels 

normalized with distance into the perihematoma zone (distance main effect; P < 0.001, P < 

0.001, P < 0.001, respectively). Elevated gadolinium levels were found in the hematoma (P < 

0.05) and the perihematoma zone (distance main effect; P < 0.001). There was a relationship 

between gadolinium levels and ion dyshomeostasis in the perihematoma, but not hematoma, 

zone. 

Conclusions: 

After experimental ICH, BBB permeability is elevated acutely, and BBB dysfunction may 

persist for two weeks. A subset of animals display hyperpermeability at days 3, 7, and 14 after 

ICH. This elevated permeability may indicate the presence of cerebral microbleeds or 

angiogenesis. Furthermore, ion dyshomeostasis and BBB dysfunction occur in the 

perihematoma zone three days after ICH. Future work should directly assess the contribution of 

BBB disruption to ion dyshomeostasis and its impact on functional outcome. 
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CHAPTER 1 

1.1 Introduction 

This thesis describes changes in blood-brain barrier (BBB) permeability following 

intracerebral hemorrhage (ICH) and how it relates to early ion dyshomeostasis in a rodent 

model. An ICH occurs due to vessel rupture in the brain parenchyma and accounts for 10-15% 

of all strokes (Sacco et al., 2009). One form of secondary injury after ICH is BBB dysfunction, 

which causes edema and, presumably, functional deficits. We hypothesized that BBB damage 

would be highest at day 3 after ICH and would decrease thereafter. Furthermore, we 

hypothesized that BBB damage would be related to changes in chloride, potassium, iron, and 

other element levels in the brain at day 3 post-ICH. The underlying rationale will be explained in 

the following introductory sections. Background information on relevant topics, such as stroke 

epidemiology, experimental models of ICH, BBB injury, and acute ion dyshomeostasis is 

provided.  

 

1.2 Stroke 

1.2.1 Epidemiology 

A stroke is a largely vascular event projected to cause 23 million deaths worldwide in 

2030, making it the second leading cause of preventable death (World Health Organization, 

2008, Kuklina et al., 2012). Approximately 16 million people suffer a stroke worldwide every 
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year (Mukherjee and Patil, 2011). Combined with heart disease, stroke is the leading cause of 

hospitalization in Canada (Heart and Stroke Foundation of Canada, 2015a). The Heart and 

Stroke Foundation of Canada recently estimated that over 62,000 Canadians have a stroke each 

year – that is, one stroke every nine minutes (Heart and Stroke Foundation of Canada, 2015b). 

ICH is a subtype of stroke characterized by the rupturing of blood vessels. While ICH accounts 

for only 10-15% of all strokes, it has a 40% 1-month mortality rate (Flaherty et al., 2010, Schlunk 

and Greenberg, 2015). Ischemic stroke (ISC) is the more common subtype of stroke and is 

characterized by impaired blood flow to the brain due to clot (Canadian Stroke Network, 2011).  

In Canada, the estimated one-year economic burden of ISC alone is approximately $2.8 

billion including direct (e.g. hospitalization, rehabilitation, homecare) and indirect costs (e.g. 

unpaid caregivers, lost productivity) (Mittmann et al., 2012). When ICH is included, the 

economic burden increases to approximately $3.6 billion (Canadian Stroke Network, 2011). 

Although stroke risk can be reduced (e.g. by minimizing stress and increasing physical activity), 

preventative interventions have only been moderately successful, even though such 

interventions could save the Canadian economy $36.1 billion over 20 years (Canadian Stroke 

Network, 2011, Feigin et al., 2015). Low rates of stroke prevention success may be because 

many individuals are made aware of their stroke risk only after visiting a health care 

professional and, in general, only high-risk individuals are targeted by risk reduction campaigns 

(Feigin et al., 2015). 

With advances in medical care, stroke mortality has declined to an average of 17%, and 

this has resulted in an increase in stroke survivors, of whom up to 75% are living with 

impairments (World Health Organization, 2008, Mukherjee and Patil, 2011, Heart and Stroke 
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Foundation of Canada, 2015b, Krueger et al., 2015, Sacco et al., 2016). Stroke mortality is 25% 

higher in low- and middle-income countries than in high-income countries (Mukherjee and 

Patil, 2011). Meta-analysis suggests that ICH mortality has not changed in the past few decades, 

although one recent population-based study suggests that 1-year ICH mortality rates have 

decreased by 19% in the past two decades (van Asch et al., 2010, Sacco et al., 2016). Despite 

many clinical trials for various post-stroke pharmacological interventions, only one agent, tissue 

plasminogen activator (tPA), a clot-busting drug, has shown success and is in clinical use. Only 

~10% of stroke patients are eligible to receive tPA, however, because it is predominantly used 

to treat ISC, has a narrow therapeutic window, and can cause deleterious side effects (Jauch et 

al., 2013). Acutely, ICH patients may be treated with hemostatic agents to minimize bleeding, 

with drugs to manage blood pressure, or, in patients with rapid deterioration, with surgery to 

evacuate the hematoma (Morotti and Goldstein, 2016). It should be noted that there are no 

gold-standard treatments, with the aforementioned treatments based on clinical trials (e.g. the 

FAST, ATACH, and STICH trials) with inconclusive results (Gonzales, 2013). Thus, these therapies 

have no proven efficacy as of yet. Physical rehabilitation is commonly used to reduce disabilities 

after ICH (Liu et al., 2014, Nadeau et al., 2015, Saulle and Schambra, 2016), although optimal 

parameters for treatment have not yet been fully elucidated (Saulle and Schambra, 2016). One 

potential obstacle is that, compared to ISC, relatively little research has been done to 

understand the mechanisms underlying and the optimal parameters for rehabilitation after ICH. 
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1.2.2 Intracerebral Hemorrhage 

Hemorrhagic stroke occurs when blood vessels rupture in the parenchyma or the 

subarachnoid space (subarachnoid space; SAH). SAH are relatively rare, accounting for roughly 

5% of stroke cases, and are commonly caused by traumatic brain injury (TBI) or ruptured 

aneurysms (Abraham and Chang, 2016). ICH accounts for 10-15% of all stroke cases, but 

accounts for over 20% of cases in patients under 45 (Sacco et al., 2004). Mortality rates are as 

high as 35%, 48% and 57% for 7 day, 30 day, and 1 year survivals, respectively (Marini et al., 

2001, Sacco et al., 2009). Those with diabetes have higher mortality rates at days 7 and 30, and 

elderly patients had higher mortality at day 30 in a prospective population-based study (Sacco 

et al., 2009). SAH victims have similar mortality rates as compared to ICH (Hop et al., 1997). 

Despite these high mortality rates, it has been suggested that ICH survivors, as compared to ISC, 

have better short- and long-term outlooks (Kelly et al., 2003, Katrak et al., 2009, Hemphill et al., 

2015). One proposed mechanism underlying this finding is that edema is resolved faster in 

perihematoma tissue than peri-infarct tissue, although this needs to be further studied (Kelly et 

al., 2003).  

Clinically, the majority of hemorrhaging occurs at the ictus, with larger hemorrhages 

negatively correlated with functional outcome (Fieschi et al., 1988, Flaherty et al., 2010, 

Dowlatshahi et al., 2011b). In approximately 30% of patients, hematoma expansion occurs in 

the first day (Xi et al., 2006). Furthermore, an estimated 10-40% of ISC victims have 

hemorrhagic transformation (Fiorelli et al., 1999, Balami et al., 2011, Jickling et al., 2014). 
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There has been a recent rise in ICH due to increases in anticoagulant prescription and 

the use of tPA to reduce ISC severity/injury (Flaherty et al., 2010, Jickling et al., 2014). 

Anticoagulant use is now responsible for ~20% of ICH cases in the United States (Flaherty et al., 

2010). These anticoagulants, such as warfarin and novel oral anticoagulants, may transform 

asymptomatic microhemorrhages, of which there are an estimated 2 million per year in the 

USA, into a symptomatic ICH (Leary and Saver, 2003). Indeed, warfarin use increases risk of 

microbleed transformation into symptomatic ICH (i.e. associated with neurological changes 

and/or death) 80-fold (Lee et al., 2009). 

1.2.2.1 Clinical Manifestation 

An ICH occurs most frequently in the basal ganglia (~40%), followed by the cortex 

(~25%), the thalamus (~15%), the cerebellum (~10%), and the pons (~5%) (Sacco et al., 2004). 

Intraventricular hemorrhage is associated with mortality rates of 60-90% (Broderick et al., 

2007). Neurological consequences such as nausea and vomiting (29-46% of patients), severe 

headache (33-57%), increased blood pressure (BP; ~70%) and decreased consciousness (28-

37%) are common following ICH (Balami and Buchan, 2012, Ko et al., 2012, Hemphill et al., 

2015). Seizures occur in 4 - 28% of patients (Qureshi et al., 2009). Approximately 8% of ICH 

patients have seizures at ICH onset, while ~8% and 3% of patients have seizures early (i.e. 

within 2 weeks of ICH) and late (i.e. later than 2 weeks after ICH), respectively (Bogousslavsky et 

al., 1988, Bladin et al., 2000). Late, but not early, seizures are associated with poor outcome 

and high mortality (De Herdt et al., 2011, Rossi et al., 2013, Li et al., 2015). Importantly, it is 

difficult to accurately estimate seizure incidence without the use of continuous EEG monitoring, 
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as many seizures may be subclinical (i.e. not presenting with clinical signs or symptoms) (Balami 

and Buchan, 2012). 

Hemorrhage size and location are important predictors of outcome (Broderick et al., 

1993, Xi et al., 2006). Hematomas greater than 2 cm in diameter or 10 cm3 cause increased 

intracranial pressure (ICP), whereas those larger than 4 cm in diameter are generally fatal 

(Sacco et al., 2004, Ko et al., 2012). Importantly, while elevated ICP may predict outcome at 30 

days post-ictus, it is the variability (i.e. magnitude and duration of pressure fluctuations) in ICP 

that best predicts outcome (Tian et al., 2013).  

Cerebellar and medullar ICH victims often present with coma and have a poor outlook 

(Sacco et al., 2004). In addition, larger or more severe ICH tends to present with decreased 

consciousness, possibly due to elevated ICP (Sacco et al., 2004). Those with lobar hemorrhages, 

as compared to deep and infratentorial, are more likely to have better functional outcomes and 

quality of life (Sreekrishnan et al., 2016). A recent meta-analysis suggests that hemorrhage 

hemisphere is not a good predictor of outcome, although future studies assessing this should 

include both motor- and cognition-based endpoints (Sreekrishnan et al., 2016). 

1.2.2.2 Risk Factors 

The biggest risk factors for ICH are age, hypertension (i.e. high BP), cerebral amyloid 

angiopathy (CAA), and other vascular factors (Flaherty et al., 2010, Schlunk and Greenberg, 

2015). Hypertension accounts for up to two-thirds of ICH (Keep et al., 2014). Chronic 

hypertension induces cerebrovascular remodeling. Reactive oxygen species production is 

upregulated in vessel walls, resulting in increased cell proliferation, increased vessel stiffness, 
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altered cytoskeletal organization, and smooth muscle cell rearangement, among others 

(Montezano et al., 2015). Chronic hypertension also causes microaneuryms in arterioles and  

small vessel damage (Fisher, 1971, 1972). 

CAA, resulting from β-amyloid deposition in cerebral small vessels, causes vessel 

damage and, subsequently, microbleeds and lobar ICH (Viswanathan and Greenberg, 2011, 

Samarasekera et al., 2012). CAA accounts one-third of ICH in elderly populations (Sacco et al., 

2004). Furthermore, as CAA is a hallmark of Alzheimer’s disease pathology, patients with 

Alzheimer’s disease have a high risk of ICH (Viswanathan and Greenberg, 2011). 

Race and sex are non-modifiable risk factors for ICH. The Longitudinal Reasons for 

Geographic and Racial Differences in Stroke (REGARDS) study found a race by age interaction. 

Those of African descent had no change in risk between ages 45 and 85, but were 5 times as 

likely than white patients to have a stroke at 45. Risk of stroke doubled every decade after 45 

years old in white patients. In agreement with other studies, males of both races had higher ICH 

risk than females (Howard et al., 2013). ICH risk is higher for Asian populations than all other 

ethnicities, although 1-month mortality rates tend to be lower (Adeoye and Broderick, 2010, 

van Asch et al., 2010). Sex differences in ICH incidence in Asians are likely mediated by alcohol 

consumption (van Asch et al., 2010). 

Many risk factors for ICH are modifiable and include alcohol consumption, diabetes (to 

an extent), diet, and exercise. These factors increase risk because they contribute to poor 

cardiovascular health (Poon et al., 2015). 

1.2.3 Rodent models of intracerebral hemorrhage 
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The two most widely used animal models of ICH are the autologous blood injection and 

the collagenase injection models. Each model has different characteristics relevant to ICH. The 

autologous whole blood (AWB) model relies on infusing a clinically relevant volume of blood 

into the parenchyma and results in blood accumulation (modeling the hematoma), reduced 

cerebral blood flow, and edema. Injections of collagenase, on the other hand, disintegrate the 

basal lamina of blood vessels, leading to spontaneous bleeding, hematoma expansion, and 

edema (Yan et al., 2015). In comparison to the AWB model, the collagenase model results in on-

going bleeding, greater and increasing BBB injury, more severe and more persistent functional 

deficits, greater tissue loss, greater edema, greater inflammation, and more extensive white 

matter damage (Table 1-1) (Xue and Del Bigio, 2003, MacLellan et al., 2008, Kirkman et al., 

2011, Manaenko et al., 2011).  

Because ICH is induced in different ways between the two models, it is expected that 

different damage and plasticity pathways are activated. Indeed, various therapies have been 

tested in both models of ICH, with inconsistent or conflicting results found across models. For 

example, although rehabilitation consistently improves functional recovery following ICH, 

changes in lesion volume, dendritic complexity, and mechanisms vary by model (MacLellan et 

al., 2011, Caliaperumal and Colbourne, 2014). These differences hold true for hypothermia as 

well. In the AWB model, two days of mild therapeutic hypothermia induced at 1 or 4 hours 

post-ICH was found to reduce edema, BBB disruption, and inflammation without aggravating 

bleeding or attenuating functional deficits (MacLellan et al., 2006b). However, hypothermia 

given within 12 hours after collagenase injection was found to increase hematoma volume as 

compared to normothermic controls (John et al., 2015, Wowk et al., 2016).  
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Due to the differences in pathophysiology between models, they vary in clinical 

relevance and may impact translational value (Table 1-1). Failure to translate is a major concern 

in stroke research. For example, of 1,026 treatments tested in ISC, only tPA was successful 

(O'Collins et al., 2006). In ICH, many issues may contribute to translational failures, such as 

flawed experimental design, poor data analysis, and over-reliance on certain endpoints 

(MacLellan et al., 2012). Furthermore, the majority of research has examined ICH in young, 

male rats. As ICH impacts both sexes and is more common in older individuals, translational 

value of the aforementioned research is limited (Kirkman et al., 2011). Rodents are the most 

commonly used animals in preclinical stroke research. However, due to their relative dearth of 

white matter in comparison to humans, rodent models do not always translate well for certain 

endpoints (e.g. edema) (Wagner and Zuccarello, 2009, Venkatasubramanian et al., 2011). As 

ICH is a heterogeneous condition (i.e. due to various and/or multiple causes; with various forms 

of injury), it is understandable that there is no perfect preclinical model. Therefore, for greatest 

translational value, researchers should test neuroprotective therapies (e.g. pharmacological 

interventions and rehabilitation) in multiple models and multiple settings. 

 

1.2.4 Pathophysiology of intracerebral hemorrhage  

ICH causes two general types of damage. Primary, mechanical damage occurs when 

blood from the initial rupture dissects through surrounding tissue (Schlunk and Greenberg, 

2015). This is compounded by ischemic injury in the center of the hematoma, where the 

ruptured and damaged vessels can no longer supply adequate blood to region (Knight et al., 
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2008). Secondary damage occurs in the perihematoma zone (PHZ), which is the region of tissue 

immediately surrounding the hematoma. Secondary damage is characterized by cell death, 

oxidative damage, and inflammation. Although the complete set of secondary events and their 

contributions to tissue damage and functional deficits have not been fully elucidated, the 

activation of multiple pathways by intraparenchymal blood most likely mediates the majority of 

damage (Aronowski and Zhao, 2011, Schlunk and Greenberg, 2015). Primary damage will be 

described. The resulting cytotoxicity of blood and plasma components will then be discussed. 

Other forms of secondary injury (e.g. edema, inflammation) will be later discussed in relation to 

BBB dysfunction. 

1.2.4.1 Primary damage 

Primary damage after ICH is predomindantly mechanical and is associated with mass 

effect (i.e. the displacement of surrounding tissue) (Qureshi et al., 2009, Aronowski and Zhao, 

2011). This mechanical damage results from blood tearing through the parenchyma. This causes 

disruption of vessels, neurons, their axons, and glia as well as neurotransmitter release, 

mitochrondrial dysfunction, and membrane depolarization. Ultimately, this damage is 

associated with metabolic dysregulation and cell death (Qureshi et al., 2009). Primary damage 

also occurs during hematoma expansion. In most patients, bleeding stops within 3 hours; 

however, delayed hematoma expansion may occur days to weeks later (Xi et al., 2006, 

Dowlatshahi et al., 2011a, Delcourt et al., 2012). Despite ischemic injury in the hematoma, 

multiple experimental and clinical studies have shown that reductions in peri-hematomal blood 

flow due to mass effect and hematoma expansion are not sufficient to induce ischemia (Zazulia 

et al., 2001, Herweh et al., 2010, Kate et al., 2014). 
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1.2.4.2 Secondary damage 

Secondary damage resulting from the release of blood into the parenchyma follows 

primary damage and impacts initially healthy PHZ tissue.  

1.2.4.2.1 Thrombin 

Thrombin contributes to blood clotting and is rapidly produced in response to the initial 

hemorrhage (e.g. within 3 hours in animal models) (Wu et al., 2010). Initial production of 

thrombin is protective, as it leads to blood clotting and may prevent hematoma enlargement. 

However, higher concentrations of thrombin contribute to inflammation, edema, cell death, 

and increased blood-brain barrier infiltration, at least in animal models (Hua et al., 2007).  

Simplified models of ICH involve injection of components known to contribute to 

secondary damage. Thrombin injection into the parenchyma alone causes BBB damage by 

disrupting the endothelium (Lee et al., 1997, Liu et al., 2010). This damage may be partially 

mediated by protease activated receptors, as inhibition of these receptors attenuates BBB 

damage in an intraventricular hemorrhage model (Gao et al., 2014). Thrombin may also 

indirectly impact BBB function, as thrombin injections induce a large inflammatory response 

(Masada et al., 2001, Moller et al., 2006). Furthermore, even using an injection volume 

comparable to the amount of thrombin produced in mild ICH, thrombin causes denditic atrophy 

and cell death without contributing to the chronic tissue loss seen in ICH (Caliaperumal et al., 

2014). 

Many therapies aim to modulate thrombin-mediated injury, with delayed therapies 

aiming to reduce thrombin production. Thrombin inhibitors, such as argatroban, have been 
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shown to reduce edema formation when administered at least 3 hours post-ICH in the AWB 

model (Kitaoka et al., 2002). Conversely, therapies are given acutely aim to promote thrombin 

production to limit hematoma volume. Recombinant Factor VIIa, a hemostatic agent that 

promotes coagulation by increasing thrombin production, has been shown in preclinical and 

clinical studies to reduce hematoma volume (Kawai et al., 2006, Mayer et al., 2008, Nadeau et 

al., unpublished). Interestingly, at least clinically, such improvements may not impact functional 

outcomes, and use of the drug can lead to thromboembolic events (Mayer et al., 2008). Other 

early treatments may worsen thrombin-mediated injury. For example, hypothermia worsened 

neuronal degeneration in the thrombin injection model when given shortly after ICH (Wowk et 

al., 2014).  

1.2.4.2.2 Hematoma resolution and blood cytotoxicity 

Once blood is released into the parenchyma following the initial rupture, the fate of 

erythrocytes and their by-products varies. Hematoma resolution, or the removal of blood from 

affected tissue, is generally thought to begin with erythrocyte lysis, which starts approximately 

one day after ICH and leads to hemoglobin (Hb) release (Wagner et al., 2003, Dang et al., 2017). 

Hb can then spontaneously oxidize, producing ferric heme and superoxide (Chen-Roetling et al., 

2015). In turn, the superoxide dismutase generates hydrogen peroxide (Alayash, 2006). All 

three products can cause oxidative damage to lipids, proteins, and DNA in the PHZ (Stankiewicz 

et al., 2007). Heme and hemin (oxidized heme) can bind to hemopexin, and these complexes 

are endocytosed by CD91-expressing macrophages. Because hemopexin exists in relatively low 

quantities in the brain and is easily depleted, neurons and astrocytes uptake toxic quantities of 

hemin after ICH. As a result, some hemin is transported extracellularly via ferroportin (an iron 
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efflux channel) and contributes to oxidative stress and tissue damage (Chen-Roetling et al., 

2015).  

Heme oxygenase-1 (HO-1) is the rate-limiting enzyme for the breakdown of the 

hemoglobin into its constituent parts: iron, carbon monoxide, and biliverdin (Abraham and 

Kappas, 2008). HO-1 is upregulated in the presence of hemin, among other factors, causing the 

normally low levels of HO-1 to increase, peaking at day 3 post-ICH and persisting to at least day 

28 (Wu et al., 2003, Chen-Roetling et al., 2015). As bilirubin, a metabolite of biliverdin, is an 

antioxidant, HO-1 activity protects against oxidative damage in the early stages following ICH 

(Abraham and Kappas, 2008, Jansen et al., 2010, Wang et al., 2011). However, this elevation in 

HO-1 lasts to at least day 14, leading to free iron accumulation and oxidative damage (Wang et 

al., 2011).  

In sum, Hb by-products and HO-1 contribute to tissue damage in the PHZ. Notably, the 

sole injection of blood components, such as lysed erythrocytes, hemoglobin, and iron, all 

induce BBB dysfunction leading to edema, cell death and behavioral dysfunction (Xi et al., 2001, 

Katsu et al., 2010, Zhao et al., 2011, Yang et al., 2013). 

Endogenous mechanisms exist to prevent blood cytotoxicity. For example, Hb may bind 

to haptoglobin (Hp), a protein produced by hepatocytes and oligodendrocytes. Following 

erythrocyte lysis, the Hp-CD163-heme oxygenase-1 pathway immediately acts to remove free 

circulating Hb. Hb readily binds to Hp, creating a complex that is easily taken up by 

macrophages via the CD163 receptor (Thomsen et al., 2013). CD163 is expressed on 

macrophages, astrocytes, and neurons following ICH and is affected by a variety of factors (e.g. 
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pro- and anti-inflammatory factors) (Dang et al., 2017). Notably, CD163 can take up free 

hemoglobin when Hp levels are depleted, provided all receptors are not saturated. Hp defenses 

are easily overwhelmed acutely, and Hp levels are not restored until 5 to 7 days post-ICH 

(Aronowski and Zhao, 2011). In response to increased CD163 expression, HO-1 and IL-10 

upregulation are seen. Furthermore, ferritin (an iron storage protein) is upregulated in 

response to HO-1 upregulation (Regan et al., 2002). In this way, activation of the Hp-CD163-

heme oxygenase-1 pathway has anti-oxidant and anti-inflammatory effects.  

 

1.3 Blood-brain barrier dysfunction following intracerebral hemorrhage 

Injury to the BBB is a hallmark of many CNS pathologies including ICH (Abbott et al., 

2010). Here, intact BBB physiology will be described. BBB dysfunction and its relation to other 

forms of secondary injury following ICH will then be discussed. 

 

1.3.1 Blood-brain barrier physiology 

1.3.1.1 Function 

The BBB acts as an interface between circulating blood and the central nervous system 

(CNS) and facilitates proper brain function by maintaining homeostasis (Siegenthaler et al., 

2013, Andreone et al., 2015). The BBB has many functions. It maintains ion levels (e.g. Na+, Cl-, 

K+), controls neurotransmitter entry into the CNS, prevents macromolecule and neurotoxin 

entry into the CNS (thereby preventing the associated apoptosis and tissue damage), and 
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ensures adequate nutrient supply (Abbott et al., 2010). BBB structure is optimized for these 

functions.  

1.3.1.2 Structure 

The neurovascular unit (NVU) is a multicellular system composed of endothelial cells 

(EC), neurons, pericytes, and glial cells that comprises the blood-brain barrier (BBB) to control 

the efflux and influx of substances for proper neurotransmission and limit passive diffusion of 

compounds between the blood and the brain (Figure 1-1) (Siegenthaler et al., 2013, Andreone 

et al., 2015). Only lipophilic and very small molecules (< 400 Da) may freely pass through the 

BBB.  

In general, ECs are crucial for maintaining BBB integrity (Andreone et al., 2015). ECs are 

linked by tight junctions, which prevent passage of water-soluble molecules, macromolecules, 

ions, and nutrients in the paracellular space and into the CNS (Hawkins and Davis, 2005, Abbott 

et al., 2010). ECs of the BBB also have lower rates of transcytosis than peripheral ECs and are 

therefore less leaky. In the CNS, ECs instead rely upon a diverse array of transporters (e.g. 

glucose transporter, Glut1; efflux transporter, P-glycoprotein) to selectively deliver nutrients 

and ions and remove harmful substances (Siegenthaler et al., 2013). However, transcytosis 

remains the main mechanism for macromolecule entry into the parenchyma (Abbott et al., 

2010). Finally, the ECs of the BBB prevent entry of immune cells into the CNS due to their 

relatively low expression of leukocyte adhesion molecules (LAMs), which control the entry of 

inflammatory cells into the CNS (Rossler et al., 1992).  
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Astrocyte support feet interface with the basal lamina of ECs (Abbott et al., 2006). 

Astrocytes help facilitate BBB function. They regulate tight junction component expression and 

integrity by secreting Sonic hedgehog and angiotensinogen/angiopoietin-1, respectively (Lee et 

al., 2003, Wosik et al., 2007, Alvarez et al., 2011). Pericytes, which attach to both ECs and 

astrocytes, play a key role in modulating BBB leakiness and CNS immune cell entry. For 

example, in pericyte-deficient experimental models, pericyte loss is associated with increased 

vascular permeability, higher levels of transcytosis, and increased LAM expression and 

subsequent immune cell entry (Armulik et al., 2010, Daneman et al., 2010).  

The NVU supports neurovascular coupling. Astrocytes and pericytes contribute to 

neurovascular coupling, a functional matching between neurons and blood vessels whereby 

demands for glucose and oxygen are communicated (Bell et al., 2010, Petzold and Murthy, 

2011). Accordingly, cerebral blood flow increases in areas with active neurons.  

 

1.3.2 Blood-brain barrier permeability in intracerebral hemorrhage patients 

After ICH, BBB dysfunction is biphasic. Acute BBB dysfunction occurs during the initial 

vascular disruption of the hemorrhage, and later dysfunction is indicative of secondary injury 

(e.g. inflammation) or repair (e.g. angiogenesis) processes. Indeed, contrast agent extravasation 

(indicative of increased BBB permeability) has been noted in early (i.e. within 24 hours) and late 

(i.e. one week) after ICH (Murai et al., 1998, Hallevi et al., 2010). In a small prospective study 

with BBB damage measured approximately 8 days post-ICH, there was high permeability in 

perihematoma tissue and low to no BBB damage in the contralesional hemisphere (Aksoy et al., 
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2013). Patients with large ICH had greater and more variable BBB damage than patients with 

small hemorrhages. Lobar hemorrhages tended to have greater BBB permeability than deep 

ICH, perhaps due to differences in vascular patterns between regions and differences in 

etiology. For example, CAA is often an underlying cause of lobar hemorrhage, whereas 

hypertension is a greater risk factor for subcortical hemorrhage(Charidimou et al., 2012). BBB 

damage is significantly lower in hypertension-associated ICH than in ICH due to other causes. 

BBB damage predicts early (day 1) but not late edema (day 7) (Aksoy et al., 2013). Others 

estimate that 75% of patients have BBB damage in the PHZ 5 days after ICH (Kidwell et al., 

2011).  

 

1.3.3 Monitoring blood-brain barrier permeability 

BBB permeability is assessed in patients and in animal models using either endogenous 

or exogenous tracers. These tracers would not be able to enter a brain with an intact BBB. 

Extravasated blood proteins may be detected in the parenchyma by using antibodies 

conjugated to horseradish peroxidase (Schmidt-Kastner et al., 1993). This method, although it 

avoids the confounds of injecting a foreign compound, is not sensitive enough to detect 

extravasation of small molecules and only measures total extravasation since injury. Use of 

exogenous tracers is generally preferred due to the variety of molecular weights available. In 

animal models, Evans blue (EB) dye is commonly used. EB binds to the macromolecule albumin 

and can be quantified in tissue sections visually or using spectrophotometry (Radu and 

Chernoff, 2013). Use of EB may lead to an overestimation of BBB damage due to its reversible 
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binding kinetics with albumin. Dextran-based dyes are available in a variety of molecular 

weights to directly assess BBB permeability to different sized molecules (Kassner and Merali, 

2015). Importantly, the BBB may open to large molecules while still restricting movement of 

small ions and vice versa, so BBB permeability data should be carefully interpreted (Kang et al., 

2013). 

In humans, magnetic resonance imaging of gadolinium-based contrast agents has been 

used to assess BBB permeability in a wide range of CNS disorders for over 25 years. This 

method allows spatial assessment of BBB injury in both white and gray matter with few to no 

side effects (Montagne et al., 2016). This technique may be successfully used to predict 

hemorrhagic transformation following thrombolytic therapy in ISC (Scalzo et al., 2013). 

Increased BBB permeability precedes hemorrhage, and the magnitude of gadolinium 

extravasation prior to thrombolytic therapy administration is strongly correlated with 

hematoma volume in patients with hemorrhagic transformation (Kastrup et al., 2008, Leigh et 

al., 2014). 

 

1.3.4 Pathophysiology 

Edema and leukocyte extravasation are consequences of BBB dysfunction after ICH 

(Keep et al., 2014). BBB dysfunction post-ICH is characterized by increased permeability due to 

paracellular alterations and transcellular changes and results from direct and indirect damage 

to the BBB (Knowland et al., 2014). For example, as previously mentioned, many blood 
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components induce BBB dysfunction (Xi et al., 2001, Katsu et al., 2010, Zhao et al., 2011, Yang 

et al., 2013). 

In the AWB model of ICH, there is delayed BBB disruption, with no measurable damage 

at 4 hours or 8 hours but progressively increasing damage from 12 to 48 hours or at 24 hours in 

rats and pigs, respectively (Yang et al., 1994, Wagner et al., 1996, Wagner et al., 1999, Adeoye 

and Broderick, 2010). In the collagenase model, BBB permeability is increased from 5 hours to 7 

days post-injection, and BBB permeability did not significantly differ from control samples at 

day 14 (Rosenberg et al., 1993). High BBB permeability has been detected in the hematoma, 

but not PHZ, 12 hours post-collagenase injection, with BBB hyperpermeability increasing to at 

least day 4 in the hematoma and PHZ (MacLellan et al., 2008). Importantly, it is unclear whether 

the prolonged BBB damage results from lasting collagenase-induced basal lamina degradation 

or from hematoma resolution processes (Keep, 2008). The collagenase model, despite its 

limitations, best mimics clinical BBB damage following ICH due to the temporal profile of BBB 

permeability. The AWB model, with low constant levels of BBB permeability, does not seem 

mimic clinical data as well. 

1.3.4.1 Inflammation 

Inflammatory response begins almost immediately following ICH and mediates 

secondary damage (Chen et al., 2015). As previously mentioned, thrombin indirectly and 

directly contributes to the inflammatory response and BBB dysfunction (Lee et al., 1997, 

Masada et al., 2001, Moller et al., 2006, Liu et al., 2010). In animal models, neutrophils may 

infiltrate the PHZ within 4 hours of ictus, and levels peak between 2 to 3 days later (Gong et al., 
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2000, Xue and Del Bigio, 2000, Wang and Dore, 2007). As the source of matrix 

metalloproteinases (MMPs; enzymes that degrade extracellular matrix proteins) and TNFα 

(inflammatory modulators), early neutrophil infiltration influences further leukocyte response 

(Wasserman and Schlichter, 2007, Moxon-Emre and Schlichter, 2011). Microglia and 

macrophages (MMΦ) are the primary agents responsible for hematoma clearance, along with 

circulating inflammatory cells. Microglia levels increase in response to the presence of 

hematoma degradation products (e.g. hemoglobin), however, and activate numerous 

inflammatory response pathways that contribute to brain injury. Therefore, inhibiting microglia 

activation can attenuate some forms of damage, such as edema and BBB leakage (Yan et al., 

2015). The inflammatory response leads to the release of cytokines such as TNFα (Zhou et al., 

2014). TNF-α is upregulated in the presence of thrombin and may contribute to edema, as TNF-

α knockout mice have reduced edema following experimental ICH as compared to wild-type 

mice (Hua et al., 2006). Interestingly, BBB dysfunction precedes inflammatory response in ISC 

and facilitates the entry of immune cells into the parenchyma (Schoknecht et al., 2015). 

Inflammation itself may induce BBB permeability through the release of MMPs (Gidday et al., 

2005). 

1.3.4.1.1 Vascular integrity  

MMPs are generated by the immune response and act by degrading extracellular 

matrices. MMP-9 degrades the basal lamina of vessels and is upregulated following ICH in 

animal models and patients (Florczak-Rzepka et al., 2012, Hartz et al., 2012). This weakens 

vessels, making them more vulnerable to rupture and subsequent micro-hemorrhaging (Gasche 

et al., 1999, Gidday et al., 2005). Predictive markers of hemorrhagic transformation in ISC are 
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BBB dysfunction and elevated MMP-9 levels (Montaner et al., 2001, Montaner et al., 2003, 

Castellanos et al., 2007). In a case study assessing MMP expression in infarcted and 

hemorrhagic tissue following hemorrhagic transformation, elevated MMP-9 levels were found 

in hemorrhagic tissue and were associated with basal lamina degradation and BBB dysfunction 

(Rosell et al., 2008). Furthermore, MMPs contribute to BBB dysfunction by degrading tight 

junctions (Yang et al., 2007, Sandoval and Witt, 2008, Lischper et al., 2010, Yang and Rosenberg, 

2011, Liu et al., 2012). In a stroke-prone spontaneously hypertensive model of ICH, BBB 

dysfunction preceded ICH, further supporting the idea that weakened vessels are more 

vulnerable to rupture (Lee et al., 2007). MMP-9 independently predicts outcome but not edema 

after ICH (Li et al., 2013). MMP inhibitors, such as the MMP-2 inhibitor TIMP2, have been 

shown to attenuate BBB dysfunction in experimental ICH (Rosenberg et al., 1992). 

1.3.4.2 Edema 

Edema, the accumulation of water in brain tissue, occurs after ICH as a result of a variety 

of factors such as BBB dysfunction, mass effect, and the activation of inflammatory pathways by 

thrombin. Serum extrusion into the parenchyma occurs hyperacutely. Acute ionic edema is 

attributed to extravasation of electrolytes and water from damaged blood vessels/disrupted 

BBB integrity (Lim-Hing and Rincon, 2017). Clinically, peak edema is seen at 12 days post-ICH, 

and edema growth in the first two days following ICH is negatively correlated with functional 

outcome (Venkatasubramanian et al., 2011). Delayed edema, occurring several days post-ICH, is 

most likely attributable to hematoma resolution (Wu et al., 2006). Macromolecule 

extravasation (e.g. albumin) following BBB injury contributes to vasogenic edema, whereas cell 

death contributes to cytotoxic edema (Schoknecht et al., 2015, Lim-Hing and Rincon, 2017). 
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The Intensive Blood Pressure Reduction in Acute Cerebral Hemorrhage Trial 

(INTERACT)1 and INTERACT2 clinical trials examined the relationship between edema and 

functional outcome, as well as the therapeutic efficacy of an intensive blood pressure lowering 

regimen (Yang et al., 2015). Not only did perihematomal edema growth predict hematoma 

volume and growth, it also independently predicts outcome, especially in patients not receiving 

the intensive regimen. This implies that early intervention with a blood pressure reduction 

regimen following ICH is safe and may limit perihematomal edema growth (Gould et al., 2014, 

Yang et al., 2015). Despite these findings, some have found that edema does not predict 

functional outcome when hematoma size in controlled (Appelboom et al., 2013). Others still 

find that edema only predicts outcome for certain stroke subtypes (e.g. mild basal ganglia 

stroke) (Murthy et al., 2015). In patients enrolled in the ICH ADAPT trial receiving BP reduction 

treatment, BBB permeability was elevated in the hematoma and PHZ in the first 24 hours after 

stroke. Interestingly, BBB permeability was unrelated to hematoma volume, edema, edema 

growth, or BP reduction in both treatment groups (McCourt et al., 2015). In sum, BBB 

dysfunction may contribute to different forms of edema in both experimental and clinical 

populations. 

1.3.4.3 Angiogenesis 

Unfortunately, there is limited data available regarding angiogenesis after ICH. Vascular 

endothelial growth factor (VEGF) mediates vascular development by binding to fms-related 

tyrosine kinase 1 (Flt-1) and kinase insert domain (Flk-1) receptors in ECs and can rapidly induce 

BBB permeability (Dvorak et al., 1995, Veikkola and Alitalo, 1999). Angiopoietins, specifically 

Ang 1, are also involved in vascular remodeling and counterbalance VEGF activity by limiting 
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BBB permeability in mature, developed vasculature (Thurston et al., 1999). In a study assessing 

the relationship between BBB damage and angiogenesis in experimental ISC, Zhang and 

colleagues found that VEGF and Ang 1 mediated acute BBB dysfunction in the core and 

regulated late vascular remodeling in the penumbra. Unsurprisingly, as both are mediated by 

Ang 1 and VEGF, angiogenesis and BBB leakage were spatially and temporally related (Zhang et 

al., 2002). Elevated VEGF levels persisted to day 28 in that model. As VEGF is persistently 

elevated in injured tissue in ICH, angiogenesis may also induce late BBB leakage after ICH (Lei et 

al., 2015). Indeed, late vasogenic edema has been noted in neuroimaging studies and may 

reflect angiogenesis (Zazulia et al., 1999).  

Changes in vessel density indicate angiogenesis. In animal models, increased vessel 

density and VEGF levels are observed between days 7 and 14 post-ICH using Western blotting 

and immunohistochemistry (Lei et al., 2015). Clinically, in ISC, angiogenesis may facilitate 

functional recovery in some populations while having deleterious effects in others (Krupinski et 

al., 1994, Szpak et al., 1999). In the collagenase model of ICH, VEGF, Flt-1, and Flk-1 are 

elevated in the PHZ beginning 2 days and persisting to at least 28 days post-ICH. Furthermore, 

new ECs (i.e. those labelled with BrdU and vWF) in microvessels can be detected in the PHZ 

from 2 to 14 days after injury (Tang et al., 2007).  

Angiogenesis likely contributes to late BBB permeability. Delayed changes in the NVU, 

including the BBB, indicate a shift from injury to repair as it facilitates angiogenesis and other 

processes (Arai et al., 2009).  

1.3.4.4 Ion dyshomeostasis 



24 
 

As previously mentioned, neurovascular coupling ensures adequate blood supply to 

active neurons. A strong neurovascular response (e.g. in seizure activity, ISC) and the associated 

increase in cerebral blood flow can therefore contribute to local ion dyshomeostasis with 

increases in extracellular potassium (Meldrum and Nilsson, 1976). Changes in ion transport 

channels may result in ion dyshomeostasis and edema. Indeed, changes in NKCC1, a Na-K-Cl 

cotransporter, mediate astrocytic swelling and edema after ischemic injury (Chen and Sun, 

2005). Changes in extracellular potassium may also result from alterations in network 

excitability and are mediated by astrocyte activation and BBB dysfunction (David et al., 2009). 

Ion dyshomeostasis can be assessed using X-ray fluorescence imaging (XFI). In this 

method, tissue samples are exposed to high energy x-rays, after which the sample will emit 

characteristic energy spectra that are detected with a specialized detector. Elemental 

concentrations can then be determined based on emitted wavelengths. XFI has been used in 

ICH previously (Hackett et al., 2015, Williamson et al., 2017). Other methods used to assess ion 

dyshomeostasis include inductively-coupled plasma mass spectrometry (ICPMS) and electron 

probe microanalysis. 

Here, post-ICH ion dyshomeostasis will be discussed as a form of secondary injury and in 

relation to BBB injury. 

1.3.4.4.1 Iron dyshomeostasis 

Iron is essential for many biological processes, including oxygen transport and 

neurotransmitter production. However, iron accumulation contributes to motor and cognitive 

dysfunction, oxidative damage, and cell death (Stankiewicz et al., 2007). These detriments are 
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compounded by iron released in ICH. Under normal physiological conditions, any free iron is 

rapidly bound to transferrin, an iron carrier, and transported intracellularly (Wu et al., 2003, 

Stankiewicz et al., 2007). Ferritin then binds intracellular iron, with heavy chain ferritin 

associated with iron utilization and light chain associated with iron storage (Stankiewicz et al., 

2007). Following ICH, levels of ferritin and transferrin are elevated. In the AWB model, both 

ferritin and transferrin levels were significantly elevated as compared to normal tissue on day 3. 

Peak levels occurred at day 7, with elevations persisting to at least day 28 (Wu et al., 2003). A 

similar pattern occurs in the collagenase model (Wang et al., 2016). High levels of transferrin 

increase intracellular free iron, leading to cytotoxicity. Therefore, high levels of ferritin are 

generally protective. However, it should be noted that iron can be toxic even when bound to 

ferritin (Siesjo et al., 1989). To investigate iron toxicity, researchers inject FeCl2 into the 

parenchyma. One hallmark of this model is DNA damage, suggesting that iron contributes 

largely to oxidative stress following ICH (Nakamura et al., 2006). This model results in 

behavioral deficits, tissue loss, and neuronal degeneration (Caliaperumal et al., 2013). Iron 

accumulation following ICH due to the saturation of iron homeostatic mechanisms contributes 

to DNA and protein oxidative damage, with peak damage at day 3 in the FeCl2 model of ICH 

(Nakamura et al., 2006). Indeed, saturation of transferrin results in significant increases in 

interstitial free iron (Wagner et al., 2003). Fe2+ reacts with hydrogen peroxide, generating Fe3+, 

HO-, and HO•, and causing oxidative stress and neuronal damage(Figure 1-2) (Prousek, 2007). 

Of note, others argue iron toxicity may not be the primary mediator of secondary damage (Zille 

et al., 2017). Regardless, increased iron in the brain contributes to increased BBB permeability 

(Zhao et al., 2011).  
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1.3.4.4.1.1 Oxidative stress 

Oxidative stress following ICH causes extensive tissue damage and results from free 

radical accumulation, iron dyshomeostasis, and depletion of endogenous antioxidant 

mechanisms. Much support for oxidative stress as the main factor mediating secondary damage 

comes from studies showing the efficacy of free radical scavengers such as deferoxamine and 

NXY-059. Administration of these agents reduce injury in experimental ICH, although this effect 

is not consistent across studies (Warkentin et al., 2010, Aronowski and Zhao, 2011). Both 

deferoxamine and NXY-059 have been tested in clinical trials. While NXY-059 had no adverse 

side effects, it had no effect on functional outcome 3 months after ICH (Lyden et al., 2007). 

Phase II trials for deferoxamine are currently underway (Yeatts et al., 2013). 

 Impaired antioxidant defense systems contribute to oxidative stress after ICH (Hu et al., 

2016). The Keap1-Nrf2 pathway is a major endogenous antioxidant pathway. In the AWB 

model, this pathway is upregulated within 24 hours of insult (Shang et al., 2013). Nrf2 mediates 

antioxidant homeostasis and is activated by the compound sulforaphane. Administration of 

sulphoraphane after ICH upregulates antioxidant activity, reduces tissue damage, and 

attenuates functional deficits, although this, once again, has failed to replicate across all models 

and environments (Zhao et al., 2007, Aronowski and Zhao, 2011), Wowk et al., unpublished). 

Superoxide dismutases are endogenous antioxidant enzymes that convert superoxide radicals 

into O2 or H2O2. Following injection of lysed erythrocytes, manganese superoxide dismutase and 
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copper-zinc superoxide dismutase levels are depleted, contributing to the high levels of 

oxidative stress (Wu et al., 2002).  

Oxidative stress induced by iron-mediated free radial generation directly causes BBB 

dysfunction by damaging endothelial cells and activating pathways regulating BBB permeability 

(e.g. those regulating MMP production, tight junction modification)  (Pun et al., 2009, Fraser, 

2011). Some protective mechanisms exist to defend the BBB against oxidative damage. For 

example, it has been speculated that elevated Fe leads to increased cysteine uptake in ECs, 

thereby triggering an antioxidant response that could protect the BBB (Keep, 2008). 

1.3.4.4.2 Chloride dyshomeostasis 

As the BBB regulates CNS ion homeostasis, BBB dysfunction contributes to alterations in 

ion concentration after ICH. Chloride homeostasis is maintained in part by the chloride-cation 

cotransporters, the bumetanide-sensitive Na+-K+-2Cl- cotransporter (NKCC1), which controls 

chloride influx, and the neuron-specific K+–Cl− cotransporter-2 (KCC2), which controls chloride 

efflux. Changes in chloride homeostasis due to alterations in the ratio of the cotransporters 

impact γ-aminobutyric acid (GABA) signalling polarity and have been noted in many 

neurological disorders (e.g. status epilepticus, spinal cord injury, TBI) (Plotkin et al., 1997, 

Bonislawski et al., 2007, Silayeva et al., 2015). Downregulation of many chloride transporters is 

seen as early as 24 hours after ICH (Lu et al., 2006). The downregulation of KCC2 after ISC is 

associated with both calcium and chloride dyshomeostasis and cell death (Pond et al., 2004). 

Interestingly, administration of diazepam, a GABAA receptor agonist, within two hours of 

oxygen-glucose deprivation in vitro can prevent KCC2 downregulation and intracellular chloride 
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and calcium accumulation, thereby maintaining GABA signalling. Despite this narrow 

therapeutic window, the authors suggest that diazepam could still be effective outside this 

period (Galeffi et al., 2004).  

KCC2 co-transporters are downregulated after axonal injury, leading to intracellular 

accumulation of chloride, although NKCC1 receptors are not affected (Shulga et al., 2008). 

Furthermore, administration of an NKCC1 antagonist, bumetanide, was able to block the 

intracellular calcium transients associated with depolarization, suggesting that NKCC1 maintains 

the intracellular chloride accumulation seen after injury (Shulga et al., 2008). By impacting 

intracellular ion concentrations, NKCC1 and KCC2 expression directly impact glycine and GABA 

neurotransmission. In mature neurons, chloride influx occurs when GABA binds to the GABAA 

receptor, yielding an overall hyperpolarizing inhibitory effect. However, GABA has the opposite 

effect in immature neurons, causing an outward chloride current, inward calcium current, and 

depolarization. When this shift in polarization occurs, seizure occurrence is more regular 

(Nabekura et al., 2002, Gamba, 2005, Shulga et al., 2008). Interestingly, seizures occur in 

approximately 66% of rodents in the collagenase model, suggesting that this excitatory switch 

may also occur after ICH (Klahr et al., 2015). Further work must be done to fully elucidate the 

mechanisms underlying post-ICH seizures in preclinical models. 

 

1.4 Purpose 

This thesis has 2 aims, both to be investigated in the collagenase model of ICH. First, the 

temporal progression of BBB damage will be assessed using spectrophotometry. We 



29 
 

hypothesize that BBB permeability will be highest at day 3 post-ICH and return to naïve tissue 

levels by day 14. Second, we will establish a novel method to assess the spatial relationship 

between acute ion dyshomeostasis and BBB dysfunction using XFI to precisely measure 

elemental concentrations. The latter assessment is the first study to date to use XFI methods in 

evaluating BBB damage in any stroke model. We hypothesize that there will be high BBB 

permeability in all samples, and that the degree of BBB permeability will be correlated with ion 

dyshomeostasis. 
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Chapter 2: Prolonged blood-brain barrier injury occurs after experimental intracerebral 

hemorrhage and is acutely associated with ion dyshomeostasis. 

2.1 Introduction 

An intracerebral hemorrhage (ICH) occurs due to vessel rupture in the brain 

parenchyma, accounts for 10-15% of all strokes, and has a 40% 1-month mortality rate (Sacco 

et al., 2009, Flaherty et al., 2010). Approximately 20% of these cases result from anticoagulant 

use (Flaherty et al., 2010). These anticoagulants, such as warfarin, may transform asymptomatic 

microhemorrhages into a symptomatic ICH (Leary and Saver, 2003). Indeed, warfarin use 

increases risk of microbleed transformation into symptomatic (i.e. associated with neurological 

changes and/or death) ICH 80-fold (Lee et al., 2009). 

Primary, mechanical damage occurs at ictus when blood from the initial rupture dissects 

through surrounding tissue (Schlunk and Greenberg, 2015). This is compounded by ischemic 

injury in the center of the hematoma, where the ruptured and damaged vessels can no longer 

supply adequate blood to region (Knight et al., 2008). Secondary damage occurs in the 

perihematoma zone (PHZ) (i.e. the region of tissue immediately surrounding the hematoma). 

Secondary damage is characterized by cell death, oxidative damage, and inflammation. 

Although the complete set of secondary events and their contributions have not been fully 

elucidated, the activation of multiple pathways by intraparenchymal blood most likely mediates 

considerable damage (Aronowski and Zhao, 2011, Schlunk and Greenberg, 2015). 

The neurovascular unit (NVU) is a multicellular system composed of endothelial cells 

(EC), neurons, pericytes, and glial cells that comprises the blood-brain barrier (BBB) to control 
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the efflux and influx of substances for proper neurotransmission and limit passive diffusion of 

compounds between the blood and the brain (Siegenthaler et al., 2013, Andreone et al., 2015). 

Clinically, magnetic resonance imaging of gadolinium-based contrast agents is used to assess 

BBB permeability and allows spatial assessment of BBB injury with few to no side effects 

(Montagne et al., 2016). In patients, BBB dysfunction is biphasic. Acute BBB dysfunction occurs 

during the initial vascular disruption of the hemorrhage, and later dysfunction may be indicative 

of secondary injury (e.g. inflammation) or repair (e.g. angiogenesis) processes. Indeed, contrast 

agent extravasation has been noted in the first 24 hours post-ictus in patients with on-going 

bleeding, with delayed disruption occurring as well (Murai et al., 1998, Hallevi et al., 2010). In a 

small prospective study with BBB damage measured approximately 8 days post-ICH, there was 

high permeability in PHZ, but not hematoma, tissue and low to no BBB damage in the 

contralateral hemisphere (Aksoy et al., 2013).  

BBB injury has been characterized in ICH models. In the collagenase model, BBB 

permeability is persistently elevated from 5 hours to 7 days post-injection, with function 

restored by day 14 (Rosenberg et al., 1993). High BBB permeability has been detected in the 

hematoma, but not PHZ, 12 hours post-collagenase injection, with BBB hyperpermeability 

increasing to at least day 4 in the hematoma and PHZ (MacLellan et al., 2008). Conversely, the 

autologous whole blood (AWB) model causes persistently low elevations in BBB permeability in 

both the hematoma and the surrounding region (Knight et al., 2008, MacLellan et al., 2008). In 

animal models, Evans blue (EB) dye is commonly used to assess BBB permeability. EB binds to 

the large molecule albumin and can be quantified in tissue sections visually or using 

spectrophotometry (Radu and Chernoff, 2013). The collagenase model, despite its limitations, 
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best mimics clinical BBB damage following ICH at least with regard to the temporal profile of 

BBB permeability.  

After ICH, indirect and direct BBB damage occurs and is characterized by increased 

permeability due to paracellular and transcellular changes (for review, see (Keep et al., 2014). 

This BBB dysfunction is caused by both blood components and secondary injury processes. For 

example, tight junctions and ECs are disrupted by thrombin (upregulated within 3 hours in 

animal models) and matrix metalloproteinases (MMPs; upregulated within 1 – 3 days and 

generated by inflammatory response) (Lee et al., 1997, Lischper et al., 2010, Liu et al., 2010). 

The degradation of tight junctions facilitates the passage of water-soluble molecules, 

macromolecules (e.g. albumin), ions, and nutrients in the paracellular space and into the 

parenchyma (Hawkins and Davis, 2005).  

This contributes to ion dyshomeostasis after ICH. Such ion dyshomeostasis (e.g. 

alterations in Fe, K+, Cl-, and Na+ levels) occurs within 24 hours of ictus and persists until at least 

day 28 (Patel et al., 1999, Williamson et al., 2017). Acutely, dyshomeostasis of K+, Cl-, and Na+ 

can likely be attributed to edema, although K+ and Cl- dyshomeostasis persists long after edema 

is thought to be resolved (i.e. after Day 3 in animal models) (Yang et al., 1994, Xu et al., 2015). 

BBB dysfunction is directly related to edema, as large molecule (e.g. albumin) extravasation 

contributes to vasogenic edema (Schoknecht et al., 2015). Changes in extracellular potassium 

may also result from alterations in network excitability mediated by astrocyte activation and 

BBB dysfunction (David et al., 2009). Conversely, iron dyshomeostasis is driven by hematoma 

resolution. Erythrocyte lysis begins approximately one day after ICH, leading to the release of 

hemoglobin and subsequent release of redox active iron (Wagner et al., 2003, Chen-Roetling et 
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al., 2015). Notably, sole injection of blood components, such as lysed erythrocytes, hemoglobin, 

or iron, all induce BBB dysfunction leading to edema, cell death and behavioral dysfunction(Xi 

et al., 2001, Katsu et al., 2010, Zhao et al., 2011, Yang et al., 2013).  

Ion dyshomeostasis can be assessed using X-ray fluorescence imaging (XFI) (Pushie et 

al., 2014). In this method, tissue samples are exposed to high energy x-rays, after which the 

sample will emit characteristic energy spectra that are detected with a specialized detector. 

Elemental concentrations can then be determined based on emitted wavelengths. This 

technique is preferred over traditional bulk biochemical assays because it allows for fine spatial 

resolution and a clear delineation between the hematoma and PHZ. Furthermore, it is 

considered superior to traditional histochemical stains such as the Perls and Turnbull stains for 

measuring iron in certain contexts. Perls and Turnbull stains are used to semi-quantitatively 

measure non-heme iron levels based on the appearance of an insoluble precipitate. Perls stains 

both ferrous and ferric iron, while Turnbull stains specifically ferrous iron (Meguro et al., 2007). 

Because most iron is bound to heme until erythrocyte lysis begin, use of these stains are not 

recommended for early survival times. Furthermore, histochemical stains may damage or 

dissolve fragile tissue (e.g. that in the hematoma) in the staining process. XFI, although it is a 

more costly method requiring careful sample preparation, is preferred here because it can 

measure total element content acutely after ICH (Hackett et al., 2015). XFI has been used in ICH 

previously (Auriat et al., 2012, Zheng et al., 2012, Hackett et al., 2015, Karuppagounder et al., 

2016, Williamson et al., 2017).  

We propose a novel method, combining clinical and experimental techniques, to assess 

BBB injury after ICH. Because gadolinium (Gd) concentration can be determined using XFI, we 
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will use a gadolinium-based contrast agent and XFI to measure gadolinium extravasation after 

ICH. This method will allow for detailed insight into the spatial progression of BBB damage after 

ICH, while allowing us to directly relate BBB permeability with PHZ ion dyshomeostasis. While 

others have measured gadolinium with synchrotron techniques to assess various pathologies, 

we are the first to do so in a rodent model of stroke (Le Duc et al., 2000, George et al., 2010, 

Gastaldo et al., 2011). 

Here, the temporal progression of BBB damage was assessed using spectrophotometry. 

In the collagenase model, acute BBB permeability occurs, with function restored by two weeks. 

(Rosenberg et al., 1993). Accordingly, we hypothesized that BBB permeability will be highest at 

day 3 post-ICH and return to naïve tissue levels by day 14. Subsequently, we evaluated the 

extent of ion dyshomeostasis and BBB dysfunction in the PHZ and then investigated the spatial 

relationship between acute ion dyshomeostasis and gadolinium extravasation using XFI. The 

latter assessment is the first study to date to use XFI methods to evaluate BBB damage in any 

stroke model. Ion dyshomeostasis has been noted as early as 24 hours post-ictus (Patel et al., 

1999). As XFI will be used acutely (i.e. 72 hours) after ICH, we hypothesized that there will be 

high ion dyshomeostasis and BBB permeability in all ICH samples, and that the degree of BBB 

permeability will be correlated with ion dyshomeostasis. 

 

2.2 Materials and Methods 

2.2.1 Subjects 
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All procedures conform to the Canadian Council of Animal Care Guidelines and were 

approved by the Animal Care and Use Committee for Biosciences at the University of Alberta. 

Seventy-two male Sprague-Dawley rats (350-450 g) were obtained from Charles River (Saint 

Constant, QC). Food and water were provided ad libitum, and rats were individually housed in a 

temperature- and humidity-controlled room with a 12-hour light cycle. 

2.2.2 Experiment 1 

Experimental Groups 

Animals were randomly assigned to either the sham surgery (SHAM) or collagenase 

groups prior to surgery (n=5 SHAM; n=36 collagenase). Previous research in our lab indicates 

low variability in EB concentration in SHAM animals; thus, lower numbers were used in this 

group (MacLellan et al., 2006b). Collagenase animals were then randomly assigned to either the 

three day (3D; n=13), seven day (7D; n=13), or 14 day (14D; n=10) survival groups. 

Intracerebral Hemorrhage 

A collagenase model of ICH was used (Rosenberg et al., 1993). Rats were anesthetized 

using isoflurane gas (4% induction; 2% maintenance; 60% N2O, remainder O2) for aseptic 

surgery. The head was shaved and disinfected with 70% ethanol and betadine, and 0.1 mL of 

Marcaine (bupivacaine hydrochloride; Hospira, Saint-Laurent, QC) was injected subcutaneously. 

After a midline incision was made, a burr hole was drilled 0.5 mm anterior and 3.5 mm left of 

Bregma. A 26-gauge Hamilton syringe (Hamilton, Reno, NV, USA) was lowered 6.5 mm into the 

striatum, and 0.14 U of bacterial collagenase (Type IV-S; Sigma, Oakville, ON, Canada) was 

injected over 5 minutes. The needle was withdrawn 5 minutes after completion of the injection, 
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and then a screw (model MN-0080-02P-25; Small Parts Inc., Miami Lakes, FL, US) was put in 

place to seal the hole. The wound was then closed with staples after application of Marcaine at 

the incision site. Body temperature was maintained for the duration of surgery (~30 minutes) 

using a rectal temperature probe and warm water blanket. For SHAM surgeries, animals 

underwent similar procedures, but, after the midline incision was made, were kept under 

anaesthesia for the same amount of time as an average collagenase surgery. The incision was 

then closed using the same methods as the collagenase surgery. 

Evans Blue Spectroscopic Assay 

Evans blue extravasation was assessed as done previously (MacLellan et al., 2006b). 

Evans blue dye (Sigma; 2% in saline; 4 mL/kg; filter sterilized) was injected into the tail vein. 

Injection success was confirmed visually. Dye circulated two hours before rats were 

transcardially perfused with saline. The brain was extracted, and each hemisphere (ipsilateral, 

IPSI; contralateral; CONTRA) was homogenized in 0.1 M PBS. The sample was centrifuged, and 

the supernatant was incubated at 4 °C with trichloroacetic acid (50% w/v; Fisher Scientific, 

Whitby, ON) and centrifuged. The absorbance was read at 610 nm. Thirteen additional rats 

were used to generate a standard curve with known amounts of dye (0.2 to 1.0 µL) added to 

naïve tissue from which the amount of Evans blue extravasation was calculated. 

2.2.3 Experiment 2 

Experimental Groups 

Rats were given collagenase or SHAM surgeries as described in experiment 1 and 

euthanized 72 hours later. Four animals were assigned to SHAM (n=2), and collagenase (n=2), 
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for inductively-coupled mass spectrometry (ICPMS) analysis. Ten additional animals were then 

assigned to SHAM (n=5) or collagenase (n=5) surgery groups for XFI analysis 

Magnevist® Injections 

Magnevist® (gadopentetate dimeglumine; 2.5 mL/kg; Bayer, Missisauga, ON) was 

injected into the tail vein and allowed to circulate for 10 minutes due to its short half-life in rats 

and previous research (Le Duc et al., 2004, Dohanish et al., 2009). Rats were then decapitated 

and brains were removed in 2 minutes or less. For XFI, brains were rapidly frozen in cooled 

isopentane.  

Inductively-Coupled Plasma Mass Spectrometry (ICPMS)  

As synchrotron analysis of BBB injury using gadolinium-based contrast agents is novel, 

ICPMS was first performed to quantify gadolinium levels and ensure adequate gadolinium 

remained in the brain 10 min after intravenous infusion. Brains for ICPMS were divided into 

hemispheres. Each hemisphere was digested in 5 mL of nitric acid (Fisher Scientific, Edmonton, 

AB) over seven days. Samples were measured with an ICAP-Q quadrupole ICPMS (Thermo 

Scientific) at the Canadian Centre for Isotopic Microanalysis. Average gadolinium concentration 

for whole CONTRA, IPSI, and SHAM hemispheres was then calculated. 

X-Ray Fluorescence Imaging (XFI) 

We took 20 µm tissue sections that were mounted on metal-free Thermanox coverslips 

(Thermo Scientific, Waltham, MA). Data were collected at the Stanford Synchrotron Radiation 

Lightsource (SSRL) at beamline 10-2 as described previously (Williamson et al., 2017). Briefly, 
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maps of Ca, Cl, Cu, Fe, Mn, K, Zn, and Gd were collected. Tissue was exposed to a 13450 eV X-

ray beam for Ca, Cl, Cu, Fe, Mn, K, and Zn and to a 7700 eV X-ray beam for Gd for 200 ms per 30 

µm step and detected with a 35 µm aperture. Emission spectra were collected from standards 

for all elements. Sam’s Microprobe Analysis Kit (SMAK; version 1.3) was used to quantify 

channels.  

Data were reformatted with custom software for use in ImageJ (version 1.50b, National 

Institutes of Health, Bethesda, MD). Elemental concentrations were determined for the 

CONTRA striatum, IPSI hematoma, and both striatum for SHAM samples. The hematoma border 

is where there is a sharp change in Fe, indicating a transition from blood (hematoma) to tissue 

(PHZ) (Williamson et al., 2017). The hematoma border was estimated in ImageJ using the Fe 

channel by determining the value for Fe corresponding to the hematoma edge. This threshold 

was then consistently applied to all samples. The hematoma border was applied to all element 

channels in a given sample. ROIs were taken for distance analyses for Gd, Fe, Cl, and K and were 

performed from the hematoma edge to 1260 µm medially, laterally, and dorsally, and all ROIs 

were averaged together in 180 × 180 µm bins. Hematoma and PHZ averages for each animal 

were used to calculate the relationship between Gd and Fe, Cl, and K. Gd was also correlated 

with Fe, Cl, and K averages every 180 µm into the PHZ. Due to the small sample size, we 

performed additional exploratory analyses to investigate how the predictive value of Gd 

concentration on ion dyshomeostasis changes with distance into the PHZ. R2 values were 

determined, for each sample, for the relationship between Gd and Cl, Fe, and K within 180 x 

180 µm sections from the hematoma edge into the PHZ. Here, measurements of 30 x 180 µm 
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sections in each ROI were included, resulting in 18 measurements for each sample in any given 

180 × 180 µm bin. 

2.2.4 Statistical Analysis  

Data were analyzed using GraphPad Prism (v. 6.0, GraphPad Software Inc., La Jolla, CA). 

Two-way ANOVAs were used in experiment 1 to assess time x hemisphere effects. One-tailed 

Student’s t-tests were performed to assess differences in CONTRA permeability across days.  

These tests were used to determine if there were any trends in the CONTRA hemisphere, as our 

planned analyses were underpowered to detect the changes noted in experiment 1. One-tailed 

tests were used because high permeability has been noted in past work. One-way ANOVAs 

were used in experiment 2 to assess region effects. Repeated measures ANOVA was used to 

assess distance main effects. Hematoma values were not included in distance analyses. 

Bonferroni post-hoc tests were used in both experiments 1 and 2 to control Type II error. 

Bartlett’s tests were used to assess assumptions of equal variance. If variance was not equal, 

Kruskall-Wallis tests were used. Proportions in experiment 1 were compared with a Chi-squared 

test. Statistical significance was defined as P < 0.05. All data are presented as mean ± standard 

deviation (SD). 

 

2.3 Results 

Mortality and Exclusions 
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All animals tolerated the surgery well; there were no mortalities. In experiment 1, one 

SHAM sample was excluded from analysis due to incomplete perfusion. In experiment 2, two 

SHAM samples were not imaged due to time constraints at SSRL. 

Experiment 1 

Blood-brain Barrier Permeability Is Highest at Day 3 and Decreases Thereafter 

A two-way ANOVA was performed to evaluate the relationship between time and 

hemispheric BBB extravasation. There was a main effect of day (P<0.001) and of hemisphere 

(P<0.001), with greater EB extravasation in the IPSI hemisphere compared to CONTRA. 

Bonferroni post-hoc tests revealed ipsilateral 3D BBB permeability was significantly higher than 

D7 (P<0.01), D14 (P<0.001), and SHAM (Figure 2-1A; P<0.001). D7 IPSI BBB permeability was 

higher than SHAM (P<0.05). There were no differences in BBB permeability between groups in 

the CONTRA hemisphere, although BBB permeability was higher than expected. Therefore, to 

discern any trends in the data, we tested CONTRA values against SHAM values at each time 

using a one-tailed Student’s t-test. Interestingly, CONTRA 3D, 7D, and 14D BBB permeability 

was significantly higher than SHAM values when these tests were run (P = 0.02, P = 0.03, and P 

= 0.01, respectively). These tests revealed no significant differences between days in the 

CONTRA hemisphere (P > 0.05). 

A Subset of Animals Display BBB Dysfunction 

High variability was noted in the data (Figure 2-1B). BBB hyperpermeability was then 

categorized as any sample with EB extravasation above that of the highest SHAM level. In the 

IPSI hemisphere, 100%, 69.2%, and 40% of animals displayed hyperpermeability at days 3, 7, 
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and 14, respectively. In CONTRA samples, 23.1%, 46.2%, and 40% displayed hyperpermeability 

at days 3, 7, and 14, respectively. A Chi-square test revealed there is a significant relationship 

between day post-ICH and BBB permeability in the IPSI (P < 0.01), but not CONTRA (P = 0.451) 

(Figure 2-1C).  

Experiment 2 

ICPMS analysis revealed that Gd could be detected in the brains of collagenase and 

SHAM operated animals when a dose of 2.5 mL/kg of Magnevist was injected in the tail vein 

and allowed to circulate for 10 minutes (data not shown). Thus, we proceeded with our XFI data 

collection. As previously mentioned, XFI allows accurate definition of the hematoma boundary 

and spatial distribution of injury (Figures 2-2A-D).  Cresyl violet staining of the same sections, 

however, appears to have damaged/destroyed the fragile tissue in the hematoma, and the 

spatial distribution of BBB permeability and ion dyshomeostasis is impossible to discern (Figure 

2-2E). The pattern of injury shown in Figures 2-2A-D was consistent across all ICH samples.  

Intracerebral Hemorrhage Induces Ion Dyshomeostasis in the Hematoma and Perihematoma 

Zone 

One-way ANOVA was used to assess changes in element concentration within 

hematoma of IPSI samples and striatum of CONTRA and SHAM samples. Concentrations of Cl, 

Fe, Gd, and Mn were significantly increased in the IPSI hematoma as compared to the CONTRA 

striatum (P<0.001, P<0.01, P<0.01, P<0.001, respectively) and SHAM striatum (Figure 2-3; 

P<0.001, P<0.001, P<0.05, P<0.001, respectively). IPSI K was significantly decreased below levels 

in the CONTRA striatum (P<0.001) and SHAM (P<0.001) group. There were no differences in Ca, 
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Cu, or Zn concentrations across groups (P > 0.05). One outlier was noted in the CONTRA group 

for Cu, but was not excluded. 

Repeated measures ANOVAs were used to assess changes in ion homeostasis in the 

PHZ. Gd was highest in the hematoma and was significantly different from SHAM and CONTRA 

values from 0 – 360 µm into the PHZ (Figures 2-3A and 2-4A; P < 0.001, distance main effect). It 

appeared there was little Gd in the center of the hematoma, with high Gd concentrations closer 

to the hematoma edge (Figure 2-2A). Fe was highest in the hematoma and was significantly 

higher than SHAM and CONTRA values from 0 – 360 µm into the PHZ (Figures 2-3D and 2-4B; P 

< 0.001, distance main effect). High Fe concentration was noted inside the hematoma boundary 

(Figure 2-2B). Cl concentrations appeared relatively constant in the hematoma (Figure 2-2C). Cl 

was highest at the hematoma border, and levels normalized after 360 µm into the PHZ (Figures 

2-3B and 2-4C; P < 0.001, distance main effect). K concentrations in the hematoma appeared 

relatively constant, although a ring of slightly higher concentration was observed closer to the 

hematoma edge (Figure 2-2D). K was lowest at the hematoma border and was significantly 

lower than CONTRA and SHAM values from 0 – 360 and 0 – 720 µm into the PHZ, respectively 

(Figures 2-3F and 2-4D; P < 0.001, distance main effect). 

Blood-brain Barrier Permeability Is Associated with Ion Dyshomeostasis in the Perihematoma 

Zone, but Not the Hematoma 

Gd was not significantly correlated with any of the measured elements in the hematoma 

except Mn (Table 2-1) (r = 0.989; P = 0.001). Average Gd was then correlated in the PHZ with 

average Fe, K, and Cl (Tables 2-1 and 2-2). In the PHZ, Gd was correlated with Cl and K from 901 
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– 1260 µm into the PHZ (Table 2-2). Interestingly, all correlations were positive in the 

hematoma and PHZ except that with Fe, although the correlations with Fe were non-significant. 

Our exploratory analyses revealed that Gd was significantly correlated with Cl and K in 

many samples from 0 – 900 µm (Figure 2-5A and C). Despite this, it appears that Gd 

concentration has low and/or variable predictive value for Cl and K concentration. The 

proportion of Cl and K variance accounted for by Gd concentration does not change with 

distance from the hematoma edge. Gd concentration was significantly correlated with Fe 

concentration in the majority of samples from 0 – 720 µm (Figure 2-5B). Gd concentration 

appears to account for a large proportion of Fe variance close to the hematoma/PHZ interface, 

with this effect lessening with distance into the PHZ. 

 

2.4 Discussion 

BBB injury occurs following ICH and is related to many other forms of secondary injury 

(e.g. edema, inflammatory response). We found that BBB permeability was highest in the IPSI 

hemisphere and decreased with time. Here, we present the novel and successful use of XFI to 

measure BBB permeability using a gadolinium-based contrast agent. We established a novel 

method that provides a fine spatial resolution to both measure the extent of BBB dysfunction 

and to co-localize these changes with various elements. Using this novel method, as well as a 

commonly used Evans Blue assay, we confirm and expand upon the nature and progression of 

BBB injury in the collagenase model of ICH at various survival times. We are the first to 
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investigate the magnitude of ion dyshomeostasis and BBB dysfunction in the PHZ 3 days post-

ICH. 

We found that ipsilateral BBB permeability peaked 3 days after ICH and decreased 

thereafter, with most injury resolved within 2 weeks of injury. Interestingly, we noted a trend in 

contralateral BBB permeability, where there was greater permeability at days 3, 7, and 14 after 

ICH compared to sham tissue. Importantly, we noted high variability in BBB permeability in 

both hemispheres at all times measured, which could indicate a variety of underlying injury 

(e.g. inflammation) and repair (e.g. angiogenesis) mechanisms. In accordance with data from 

our EB assay, we showed, using novel methodology, that there is high acute BBB permeability. 

This BBB permeability is related to ion dyshomeostasis in the PHZ, but not the hematoma.  

 We observed that approximately 70% and 40% of animals displayed ipsilateral BBB 

hyperpermeability at days 7 and 14, respectively, using an Evans Blue spectrophotometric 

assay. Furthermore, contralateral BBB hyperpermeability incidence increased from 

approximately 20% on day 3 to 40% on day 14 post-ICH, although this was not significant. We 

propose that these changes may indicate late angiogenesis or disrupted vascular integrity (i.e. 

due to microbleeds). Indeed, delayed changes in the NVU, including the BBB, often indicate a 

shift from injury to repair because it facilitates angiogenesis and other processes (Arai et al., 

2009). Changes in vessel density, indicating angiogenesis, are observed between days 7 and 14 

post-ICH in the collagenase model (Lei et al., 2015). Conversely, the observed variability may 

represent disrupted vasculature. At day 3, 100% of animals showed hyperpermeability. 

Neutrophil response in the PHZ begins within 4 hours of ictus and peaks between 2 to 3 days 

later, leading to elevated levels of MMPs (Gong et al., 2000, Xue and Del Bigio, 2000, Wang and 
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Dore, 2007). MMPs contribute to BBB dysfunction by degrading tight junctions in vitro and in 

ischemic stroke models, and, therefore, may contribute to the acute injury observed here (Yang 

et al., 2007, Lischper et al., 2010, Yang and Rosenberg, 2011). At later time points, MMP-9 may 

contribute to microhemorrhaging, as MMP-9 degrades the basal lamina of vessels, thereby 

weakening vessels and making them more vulnerable to rupture and subsequent micro-

hemorrhaging (Gasche et al., 1999, Gidday et al., 2005). Overexpression of MMP-9 has been 

noted at day 7 in patients and animal models, a time when relatively high BBB dysfunction was 

observed (Power et al., 2003, Castellazzi et al., 2010). Notably, collagenase (used for this model) 

is MMP-9, so it is possible that there are low but enduring effects of injection of this compound. 

Although elevations in MMP-9 expression have been noted as late as day 14 in the collagenase 

model of ICH, no one has yet assessed this in the AWB model, making it difficult to understand 

the contributions of exogenous versus endogenous MMP-9 to these changes (Chang et al., 

2014).  

Using XFI, we report that Cl, Fe, K, and Mn were altered in the hematoma after ICH. In 

accordance with our EB data, as well as magnetic resonance imaging studies, XFI revealed high 

BBB permeability (measured by Gd concentration) in the ipsilateral hemisphere acutely after 

ICH (Knight et al., 2008, MacLellan et al., 2008, Aksoy et al., 2013). Interestingly, we note that 

there was very little Gd in the center of the hematoma. As ischemia occurs in the hematoma, it 

is likely that there was inadequate vasculature and/or blood supply to deliver Gd to that area 

(Knight et al., 2008). This likely explains why Gd was not correlated with most elements in the 

hematoma. We found that, for gadolinium, iron, chloride, and potassium, the greatest ion 

dyshomeostasis occurred at the hematoma/PHZ interface and normalized with distance into 
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the PHZ. We found that BBB dysfunction and the associated iron and chloride ion 

dyshomeostasis did not extend far into the PHZ (~360 µm), while potassium dyshomeostasis 

extended to at least 720 µm into the PHZ. Similar changes (i.e. a gradient of ion 

dyshomeostasis) have been noted in our previous work (Williamson et al., 2017). It appears 

that ion dyshomeostasis matures, impacting tissue further into the PHZ over time. This may be 

related to ongoing injury in the region. For example, progressive cell death begins within 24 

hours of ICH in the PHZ, with apoptotic processes resolved within a week (Felberg et al., 2002). 

Cell death, ion dyshomeostasis, and other processes likely contribute to the ongoing behavioral 

dysfunctions observed acutely following experimental and clinical ICH (Jorgensen et al., 1999, 

MacLellan et al., 2008). 

We also report that BBB injury was significantly correlated with these ionic gradients in 

the PHZ to varying degrees. Under normal physiological conditions, the BBB maintains ion levels 

(e.g. Na+, Cl-, K+) (Abbott et al., 2010). At day 3 post-ICH, we found that BBB injury only 

extended approximately 360 µm into the PHZ. Despite this, BBB permeability, as measured by 

Gd concentrations, was correlated with iron, potassium, and chloride further from the 

hematoma edge in the PHZ. Thus, it is possible that BBB dysfunction contributes to persistent, 

diffuse ionic imbalances in the early stages after ICH, either alongside or independently of 

ongoing injury in the region. The positive correlation between Gd, Cl, and K is likely indicative of 

perihematomal edema, which is known to peak between days 1 and 3 in this model (Chang et 

al., 2014). Interestingly, Gd and Fe were negatively correlated, in two samples, in 180 x 180 µm 

increments as far as 720 µm from the hematoma/PHZ edge. This may indicate that the 

presence of microbleeds in the ipsilateral hemisphere, as areas with blood deposition (i.e. high 
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iron) would have damaged vasculature that is no longer functional, thus preventing the later 

deposition of Gd. Conversely, high Fe levels are associated with high edema (Huang et al., 2002) 

and may lead to the dilution/diffusion of any extravasated Gd. 

As expected, iron dyshomeostasis was noted. Others have found PHZ iron accumulation 

at 24 hours post-ICH using a similar method (Auriat et al., 2012) and with more traditional 

methods (i.e. Perls stain) (Wu et al., 2011). In patients and in animal models, iron toxicity 

negatively contributes to functional outcome (Perez de la Ossa et al., 2010, Wu et al., 2011). 

Iron accumulation after ICH is primarily a result of erythrocyte lysis. Iron was highest at the 

hematoma/PHZ interface and concentrations normalized with distance. This likely contributes 

to lesion expansion. Progressive lesion expansion and tissue damage occurs after ICH in the 

collagenase model (MacLellan et al., 2008, Nguyen et al., 2008). Thus, tissue closer to the 

hematoma experiences greater damage than distal structures, with more tissue impacted over 

time (Felberg et al., 2002). Interestingly, we found low Fe levels in the center of the hematoma 

in all ICH animals and a ring of high concentration close to the hematoma edge. Microglia and 

macrophages expressing the CD163 receptor, which facilitates hemoglobin endocytosis, localize 

at the PHZ/hematoma edge within 3 days of ICH and infiltrate the hematoma with time (Cao et 

al., 2016). Therefore, the high concentrations of iron observed at the hematoma edge here may 

represent a summation of both iron in the hematoma itself and iron internalized by 

microglia/macrophages (i.e. that present in hemoglobin). Thus, this band of cells may grow in 

size or intensity with time as more Hb and Fe are accumulated. 

Ion dyshomeostasis in the PHZ likely impairs neural function and functional outcome, 

although this has not yet been studied in ICH. Early injury to PHZ neurons and dendrites has 
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been noted in ICH, and this injury may be a result or cause of the observed changes in ion 

concentrations (Nguyen et al., 2008). Chloride homeostasis is maintained, in part, by the 

chloride-cation cotransporters: the bumetanide-sensitive Na-K-2Cl cotransporter (NKCC1) and 

the neuron-specific K+–Cl− cotransporter-2 (KCC2). Alterations in the ratio of these 

cotransporters disrupt Cl- homeostasis and cause a shift in γ-aminobutyric acid (GABA) 

signalling polarity, a phenomenon noted in many neurological disorders (e.g. status epilepticus, 

spinal cord injury, traumatic brain injury) (Plotkin et al., 1997, Bonislawski et al., 2007, Silayeva 

et al., 2015). When this shift in polarization occurs, seizure occurrence is more regular 

(Nabekura et al., 2002, Gamba, 2005, Shulga et al., 2008). Interestingly, seizures occur in 

approximately 66% of rodents in the collagenase model of ICH within 3 days of stroke, 

suggesting that this excitatory switch in GABA occurs acutely after stroke as well (Klahr et al., 

2015, Klahr et al., 2016). In ischemic stroke, reversal of GABA polarity is initially 

neuroprotective, but later hampers recovery (Carmichael, 2012). In light of these 

considerations, future research should determine whether the chloride dyshomeostasis 

observed here is intra- or extra-cellular. 

We found that BBB permeability, as measured by Gd concentration, was significantly 

correlated with K in the PHZ. Furthermore, we found that K+ concentrations are locally 

decreased after ICH and normalize with distance into the PHZ. This association is likely 

mediated by alterations in astrocytes after ICH. Astrocytes are important for maintenance of K+ 

homeostasis and are an important component of the NVU. Astrocytes clear excess extracellular 

K+ through K+ spatial buffering (Gardner-Medwin, 1983, Kofuji and Newman, 2004). 

Alternatively, excess extracellular K+ and Cl- can be stored in astrocytes, although this can 
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contribute to edema (Walz, 2000). After ICH, astrocytes are activated in the PHZ within 72 

hours, with elevated astrocyte numbers persisting to at least day 14 (Wang and Dore, 2008, 

Caliaperumal and Colbourne, 2014). Interestingly, astrocyte activation decreases from the 

hematoma edge into the PHZ (Wang, 2010). Here, we report that K+ is decreased in the PHZ and 

normalizes with distance from the hematoma 72 hours post-ICH, while others report similar 

findings at Day 14 (Williamson et al., 2017). Considering the role astrocytes play in regulating 

potassium homeostasis, it is possible that the elevation in astrocyte numbers contributes to the 

observed decrease in PHZ potassium concentrations.  Future work should assess where the K 

dyshomeostasis occurs (e.g. in neurons, astrocytes, extra- or intra-cellularly) as we were unable 

to discern this with XFI. 

Limitations and Future Directions 

 This work is not without limitations. First, we only measured BBB permeability to large 

molecules (~55-60 kDa). Importantly, the BBB may open to large molecules while still restricting 

movement of small ions and vice versa, so future experiments will assess the temporal 

progression of BBB permeability to small molecules and compare to what is described here 

(Kang et al., 2013). Second, XFI cannot be used to determine the chemical state of iron. Thus, 

we cannot discern whether iron is toxic. In addition, because the L-edge of Gd is close to iron, it 

is possible that Gd signal is partially contaminated by that of Fe and vice versa. Furthermore, 

because we used non-perfused tissue, Fe and Gd are present in the vasculature. It was 

important to prepare our tissue this way, however, to avoid introducing artifacts. In addition, 

we were unable to measure changes in Na with XFI using our specified parameters and 

equipment. Moreover, we were unable to elucidate a causal relationship between BBB damage 
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and ion dyshomeostasis. Finally, functional significance of the described changes was not 

assessed. As previously mentioned, there are many structural abnormalities in the PHZ, such as 

those noted in Golgi-Cox stained neurons, that resolve with time (Nguyen et al., 2008). These 

acute structural changes, in conjunction with ion dyshomeostasis, may contribute to the high 

seizure incidence and behavioral impairments that have been noted by others (MacLellan et al., 

2006a, Klahr et al., 2015). Future studies will examine the mechanisms underlying the variability 

in BBB permeability observed after ICH. Also, we will evaluate the short- and long-term 

behavioral effects of acute ion dyshomeostasis.  

 

2.5 Conclusions  

 Here, we present a novel, spatially-sensitive technique to concurrently assess BBB 

permeability and ion dyshomeostasis using a gadolinium-based contrast agent and XFI. We 

show that both persistent BBB injury and acute ion dyshomeostasis occurs after ICH. The 

observed dyshomeostasis is related to BBB dysfunction in the perihematoma, but not 

hematoma, zone. Further understanding of these changes could aid in the development of 

acute treatments for ICH by providing further insights into the mechanisms underlying injury 

and functional impairments. 
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CHAPTER 3 

3.1 Primary findings  

The purpose of this thesis was to measure changes in BBB permeability over time and 

assess the relationship between BBB permeability and acute ion dyshomeostasis in a rat model 

of collagenase-induced ICH. In experiment 1, we measured Evans Blue extravasation, a marker 

of BBB permeability to the macromolecule albumin, at D3, D7, and D14 after ICH. We found 

that BBB injury was initially high and decreased by D14, but that there was high variability at all 

times assessed. We evaluated the magnitude and extent of BBB dysfunction and ion 

dyshomeostasis in the hematoma and PHZ. We then assessed the relationship between BBB 

permeability and ion dyshomeostasis at 3 days post-ICH, a time when almost all animals 

displayed hyperpermeability in experiment 1, using a novel method. We demonstrated that ion 

dyshomeostasis occurs and is correlated with BBB injury in the PHZ. Taken together, this work 

yields four main conclusions: a) early BBB injury is severe and dysfunction may persist to day 14 

post-ICH or longer, b) there is a relationship between time and incidence of BBB 

hyperpermeability, c) XFI can be used to simultaneously measure BBB integrity and ion 

dyshomeostasis, and d) acute ion dyshomeostasis and BBB dysfunction occur in the hematoma 

and PHZ. 

 

3.2 Blood-brain barrier permeability is highest at day 3 and decreases thereafter 

In experiment 1, we assessed the temporal progression of BBB permeability by 

measuring Evans Blue extravasation at 3, 7 and 14 days after collagenase ICH. We found that 
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BBB permeability was significantly higher on days 3 and 7 in the ipsilateral hemisphere as 

compared to SHAM. Peak BBB permeability was on day 3, and there was no significant 

difference between day 14 and SHAM. Importantly, 40% of animals displayed BBB dysfunction 

at day 14 in both hemispheres, indicating that there may be persistent changes in BBB 

permeability enduring at least two weeks after stroke that could be related to injury or repair 

processes. Exploratory one-tailed t-tests indicate contralateral BBB permeability is higher than 

sham tissue at all survival times. Unfortunately, this research was underpowered to detect an 

effect of this size with our planned analyses, as power calculations indicate a sample size of 16 

per group would have been needed. 

These findings confirm and build upon past work by including multiple survival times. 

Rosenberg and colleagues found that BBB dysfunction is slightly chronically elevated from 5 

hours to 7 days post-injection, with BBB function restored by day 14 in the collagenase model 

(Rosenberg et al., 1993). The temporal progression of BBB injury follows that of other 

secondary injury processes. For example, BBB disruption is known to precede edema formation 

(Keep et al., 2014). Peak edema, in the collagenase model, occurs at day 3, a time when we 

observed very high levels of BBB damage. Furthermore, although hematoma resolution and 

subsequent erythrocyte lysis begins within 24 hours of ICH, HO-1, the enzyme responsible for 

hemoglobin breakdown, peaks within 72 hours of ICH (Wagner et al., 2003, Wu et al., 2003). As 

injection of sole injection of blood components (e.g. lysed erythrocytes, hemoglobin, iron) all 

induce BBB dysfunction, it is logical that there is high BBB injury at day 3 (Xi et al., 2001, Katsu 

et al., 2010, Zhao et al., 2011, Yang et al., 2013). Finally, neutrophil response in the PHZ begins 

within 4 hours of ictus and peaks between 2 to 3 days later, leading to elevated levels of MMPs 
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(Gong et al., 2000, Xue and Del Bigio, 2000, Wang and Dore, 2007). MMPs contribute to BBB 

dysfunction by degrading tight junctions in vitro and in ischemic stroke models and are likely 

contributing to the acute injury we observed (Yang et al., 2007, Lischper et al., 2010, Yang and 

Rosenberg, 2011). It is likely that BBB damage resolves as these processes decline. 

 

3.3 Blood-brain barrier injury varies between subjects and time  

Variability in Evans Blue extravasation was noted at days 3, 7, and 14 in the ipsilateral 

hemisphere. Hyperpermeability, indicating high BBB dysfunction, was then categorized as any 

value above the highest SHAM value. We demonstrated that there is a significant relationship 

between hyperpermeability incidence and time in the ipsilateral, but not contralateral, 

hemisphere. 

Acute BBB hyperpermeability was expected, as outlined above. However, we observed 

that approximately 70% and 40% of animals displayed ipsilateral BBB dysfunction at days 7 and 

14, respectively. This subset may represent animals undergoing considerable angiogenesis or 

perhaps delayed vascular injury. BBB injury is biphasic, with acute damage attributed to 

mechanical vessel damage and activation of inflammatory response, among others (Fisher, 

2008). Delayed BBB permeability, on the other hand may indicate a shift from injury to repair 

by facilitating angiogenesis and other repair processes (Arai et al., 2009). Changes in vessel 

density, indicating angiogenesis, are observed between days 7 and 14 post-ICH in the 

collagenase model; however, the spatiotemporal progression of angiogenesis after ICH has not 

been fully determined (Lei et al., 2015). VEGF is upregulated after ICH, and VEGF-labelled 
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microvessels begin to be detected at day 7 in the PHZ (Tang et al., 2007). Thus, the variability 

seen on day 7 may be attributed to the beginning of angiogenesis-related processes. 

 Conversely, the observed variability may represent disrupted vasculature due to MMP-9 

activity and oxidative stress. Oxidative stress occurs following ICH due to free radical generation 

by the inflammatory response and iron release following erythrocyte lysis (Duan et al., 2016). 

Oxidative stress can upregulate MMP activity and contributes to microbleed occurrence (Toth 

et al., 2015) . MMP-9 may induce microhemorrhaging by degrading the basal lamina of vessels, 

thereby weakening vessels and making them more vulnerable to rupture and subsequent 

microhemorrhaging (Gasche et al., 1999, Gidday et al., 2005). Overexpression of MMP-9 has 

been noted at day 7 in patients and animal models, a time when relatively high 

hyperpermeability was observed (Power et al., 2003, Castellazzi et al., 2010). Therefore, the 

observed BBB dysfunction may be indicative of microhemorrhages. 

 

3.4 Acute ion dyshomeostasis occurs after intracerebral hemorrhage  

In experiment 2, we developed novel methods to spatially assess BBB permeability. 

Animals were given collagenase-induced ICH and euthanized at day 3, a time when high 

hyperpermeability was noted, after injection with a clinically-used gadolinium-based contrast 

agent. We then measured extravasation of gadolinium and other elements using XFI. We noted 

ion dyshomeostasis in the hematoma and perihematoma zones, with Cl, Fe, and K 

dyshomeostasis normalizing with distance into the PHZ. There were high Gd concentrations, 
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indicating BBB permeability, in the hematoma and in the PHZ close to the hematoma edge. 

Interestingly, BBB permeability was related to PHZ, but not hematoma, ion dyshomeostasis. 

Others have measured gadolinium extravasation using magnetic resonance imaging and 

found that, on day 4, BBB damage in the hematoma and PHZ zones was significantly higher in 

the collagenase model compared to the AWB model (MacLellan et al., 2008). Our finding, that 

BBB permeability is significantly increased in these regions at day 3 using XFI, is in line with 

previous work and validates the use of this novel method. XFI and other synchrotron 

techniques have previously been used to spatially map ICH-induced iron dyshomeostasis. Iron 

dyshomeostasis in the hematoma has been noted within 24 hours of ICH, with perihematomal 

dyshomeostasis occurring from days 1 – 21 (Auriat et al., 2012, Zheng et al., 2012, Hackett et 

al., 2015, Williamson et al., 2017). Others have used this method to assess therapeutic 

interventions in ISC and ICH (Silasi et al., 2012, Wowk et al., 2016). In accordance, we found 

that iron concentration is significantly increased in the PHZ and hematoma zones as compared 

to contralateral and control samples. Overall, this work builds upon the aforementioned 

research by providing a new method of spatially assessing BBB integrity and contributing to our 

knowledge of ion dyshomeostasis after ICH. Furthermore, it provides insight into the nature of 

BBB injury following ICH and points to possible mechanisms underlying the observed variability. 

Under normal physiological conditions, the BBB maintains ion levels (e.g. Na+, Cl-, K+) 

(Abbott et al., 2010). At day 3 post-ICH, we found that BBB injury only extended approximately 

360 µm into the PHZ. Despite this, BBB permeability, as measured by Gd concentrations, was 

related to iron, potassium, and chloride levels further from the hematoma edge in the PHZ. 

Thus, it is possible that BBB dysfunction contributes to persistent, diffuse ionic imbalances in 
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the early stages after ICH, even before progressive tissue damage begins. The positive 

correlation between Gd, Cl, and K is likely indicative of perihematomal edema, which is known 

to peak between days 1 and 3 in this model (Chang et al., 2014). Perihematomal edema is a 

valuable prognostic tool for clinical ICH, as perihematomal edema growth early after ICH is 

associated with poor functional outcome (Yang et al., 2015, Urday et al., 2016). This growth 

may, however, be mediated by hematoma size and severity. Interestingly, Gd and Fe were 

negatively correlated across the PHZ, although this was not significant. This may indicate that 

the presence of microbleeds in the ipsilateral hemisphere, as areas with blood deposition (i.e. 

high iron) would have damaged vasculature that is no longer functional, thus preventing the 

later deposition of Gd.  

There was a region in the center of the hematoma of low Gd concentration. This is likely 

because there are relatively few vessels remaining after blood dissects through tissue in the 

region, creating an ischemic environment (Knight et al., 2008). There was no correlation 

between Gd and most elements in the hematoma, likely due to this reason as well. 

The imbalances in chloride homeostasis observed here could reflect abnormal cell 

function and mediate injury. For example, in spinal cord injury, these disruptions are associated 

with functional impairments such as hyperreflexia (Cote et al., 2014). Chloride dyshomeostasis 

is associated with a shift in GABA signalling polarity. When this shift in polarization occurs, 

seizure occurrence is more regular (Nabekura et al., 2002, Gamba, 2005, Shulga et al., 2008). 

Interestingly, seizures occur in approximately 66% of rodents in the collagenase model within 3 

days of ICH, suggesting that this excitatory switch occurs after stroke as well (Klahr et al., 2015). 

In ischemic stroke, reversal of GABA polarity is initially neuroprotective, but later hampers 
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recovery (Carmichael, 2012). Others have found that chloride dyshomeostasis persists to at 

least two weeks after ICH (Williamson et al., 2017). As most seizures occur early, not late, after 

ICH, it could be that chronic ion dyshomeostasis and/or reversal in GABA polarity is actually 

protective (Bogousslavsky et al., 1988, Bladin et al., 2000). In accordance, future research needs 

to first address whether chloride is intra- or extra-cellular using XFI with finer spatial resolution 

or with electrophysiology. 

Chloride homeostasis is maintained, in part, by the chloride-cation cotransporters, the 

bumetanide-sensitive Na-K-2Cl cotransporter (NKCC1) and the neuron-specific K+–Cl− 

cotransporter-2 (KCC2). Alterations in the ratio of these cotransporters disrupt Cl- homeostasis 

and impact γ-aminobutyric acid (GABA) signalling polarity. While GABA is inhibitory in mature 

neurons, high intracellular chloride (due to low KCC2 expression) leads to an outward chloride 

and inward calcium current, resulting in depolarization. Importantly, these changes in KCC2 

expression and GABA signaling have been noted in many neurological disorders (e.g. status 

epilepticus, spinal cord injury, TBI) (Plotkin et al., 1997, Bonislawski et al., 2007, Silayeva et al., 

2015). The downregulation of KCC2 is associated with both calcium and chloride 

dyshomeostasis and cell death after ischemic stroke (Pond et al., 2004). Here, we observed 

elevated ipsilateral calcium and chloride levels, suggesting that similar KCC2 reductions occur 

after ICH. In general, while KCC2 receptors are downregulated after axonal injury, NKCC1 

receptors may be unaffected or upregulated (Shulga et al., 2008, Cote et al., 2014). Thus, the 

PHZ chloride dyshomeostasis we observe after ICH may be primarily attributed to changes in 

KCC2 expression and intracellular chloride accumulation; a finding we believe warrants further 

investigation.  
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We found that BBB permeability, as measured by Gd concentration, was significantly 

correlated with K in the PHZ. Furthermore, we found that K+ concentrations are locally 

decreased after ICH and normalize with distance into the PHZ. This association is likely 

mediated by alterations in astrocytes after ICH. Astrocytes are a key component of the 

NVU/BBB and play an important role in regulating extracellular ion and neurotransmitter 

concentrations. In particular, astrocytes are important for maintenance of K+ homeostasis and 

express many K+ channels. When neurons release K+ following an action potential, astrocytes 

take up excess extracellular K+ and release it at its distal end, a process known as K+ spatial 

buffering (Gardner-Medwin, 1983, Kofuji and Newman, 2004). Alternatively, excess 

extracellular K+ and Cl- can be stored in astrocytes, although this can contribute to edema (Walz, 

2000). After ICH, astrocytes are activated in the PHZ within 72 hours, with elevated astrocyte 

numbers persisting to at least day 14 (Wang and Dore, 2008, Caliaperumal and Colbourne, 

2014). Interestingly, astrocyte activation decreases from the hematoma edge into the PHZ 

(Wang, 2010). Here, we report that K+ is decreased in the PHZ and normalizes with distance 

from the hematoma 72 hours post-ICH; others report a similar pattern at Day 14 (Williamson et 

al., 2017). Considering the role astrocytes play in regulating potassium homeostasis, it is 

possible that the elevation in astrocyte numbers contributes to the observed decrease in PHZ 

potassium concentrations through increased spatial buffering. 

As expected, iron dyshomeostasis was noted. Others have found PHZ iron accumulation 

at 24 hours post-ICH using a similar method (Auriat et al., 2012) and with more traditional 

methods (i.e. Perls stain) (Wu et al., 2011). In patients and in animal models, iron toxicity 

negatively contributes to functional outcome (Perez de la Ossa et al., 2010, Wu et al., 2011). 
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Iron accumulation after ICH is primarily a result of erythrocyte lysis. Erythrocyte lysis begins 

approximately one day after ICH, leading to Hb release (Wagner et al., 2003, Dang et al., 2017). 

Hb can then spontaneously oxidize, producing ferric heme and superoxide (Chen-Roetling et al., 

2015). Heme breakdown by HO-1 produces iron, along with other metabolites (Xiong et al., 

2014). Iron injection alone causes DNA damage, suggesting that iron contributes largely to 

oxidative stress following ICH (Nakamura et al., 2006). Furthermore, iron toxicity contributes to 

behavioral deficits, tissue loss, and neuronal degeneration (Caliaperumal et al., 2013).  

We noted a rim of high Fe concentration in the hematoma close to the PHZ border, 

which may be reflective of the inflammatory response. Inflammatory response begins almost 

immediately after ICH, and MMΦ levels in the PHZ peak 2-3 days after ICH  (Chen et al., 2015). 

MMΦ express two receptors to remove iron-containing compounds from the hematoma: the 

CD163 receptor, which facilitates the phagocytosis of free hemoglobin and hemoglobin-

haptoglobin complexes, and the CD36 receptor, which facilitates erythrocyte phagocytosis 

(Febbraio et al., 2001, Thomsen et al., 2013). MMΦ localize at the PHZ/hematoma edge within 

3 days of ICH and infiltrate the hematoma with time (Liu et al., 2015, Cao et al., 2016). 

Therefore, the high concentrations of iron observed at the hematoma edge here may represent 

a summation of both iron in the hematoma itself and iron internalized by 

microglia/macrophages (i.e. that present in hemoglobin). 

 

3.5 Limitations  
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This research was done in the rat collagenase model of ICH and thus may not accurately 

reflect the full diversity of human ICH. The collagenase model has ongoing bleeding, and 

therefore only accurately represents ~30% of clinical ICH in respect to its bleeding pattern (Xi et 

al., 2006). Furthermore, we are concerned that this model may have bleeding lasting longer 

than previously thought (e.g. 3 hours) or may have a high incidence of re-bleeds. For example, a 

recent study by our lab found 40% of animals treated with hypothermia had 4 times higher 

bleeds than untreated animals, suggesting that the model may have weakened vasculature 

(Wowk et al., 2016). As many ICH patients have cerebral microbleeds pre- and post-stroke, this 

may be a clinically relevant feature of the collagenase model (Greenberg et al., 1999, 

Greenberg et al., 2004). Despite these limitations, the collagenase model is preferred over the 

AWB model due to the pattern of BBB injury. 

This work had other limitations. First, we only measured BBB permeability to large 

molecules (~55-60 kDa). Importantly, the BBB may open to large molecules while still restricting 

movement of small ions and vice versa, so there is the possibility that the temporal progression 

of BBB permeability to small molecules differs from what is described here (Kang et al., 2013). 

Second, XFI cannot be used to determine the chemical state of iron or whether the observed 

ion dyshomeostasis is intra- or extra-cellular. The Australian Synchrotron has fine spatial 

resolution capable of determining intra- and extra-cellular levels of elements, including sodium, 

and thus will be a valuable tool in the future. Moreover, we were unable to elucidate a causal 

relationship between BBB damage and ion dyshomeostasis. Finally, functional significance of 

the described changes was not assessed. Acute behavioral assessment (i.e. within 72 hours of 
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ICH) is difficult to do early and is often confounded by processes such as edema (MacLellan et 

al., 2012).  

 

3.6 Future directions 

Further work is needed to determine whether hyperpermeability stems from late 

angiogenesis or microbleeds. Angiogenesis can be assessed by immunolabelling samples with 

the new vessel marker CD31 (Lei et al., 2015). As EB extravasation can be assessed with 

fluorescence microscopy, angiogenesis and Evans Blue extravasation could be measured 

simultaneously. We are particularly interested in the issue of re-bleeding and/or 

microhemorrhages. As previously mentioned, warfarin use has an 80-fold increased risk of 

transforming asymptomatic microhemorrhages into symptomatic ICH (Leary and Saver, 2003, 

Lee et al., 2009). Therefore, future experiments will administer warfarin on day 3, when there 

was the highest incidence of hyperpermeability and measure blood volume. We will also assess 

the extent to which inflammation contributes to the observed iron elevation at the hematoma 

edge using Perls stain to identify the quantity of Perls-positive macrophages at the hematoma 

edge, in regions of the PHZ, and in the contralateral hemisphere. 

As we were unable to measure sodium dyshomeostasis with XFI, future research will use 

ICPMS to measure sodium concentrations in relation to BBB dysfunction using the same 

methods described here. Once we more fully understand the nature of ion dyshomeostasis 

after ICH, we are interested in causally linking alterations in ion dyshomeostasis with functional 

outcome. We will begin this line of research by administering bumetanide, an NKCC1 
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antagonist, to rats when acute (i.e. within 3 days) or chronic (i.e. at 7 days) chloride 

dyshomeostasis occurs. We will then assess long-term recovery with behavioral testing and 

with electrophysiology to test PHZ neuronal function. These findings should also be assessed in 

the AWB model of ICH. Not only would this follow industry recommendations, it could also 

provide insight into the mechanisms of BBB injury (National Institute of Neurological Disorders 

and Stroke Workshop, 2005). As previously mentioned, there is little progressive BBB injury in 

this model (MacLellan et al., 2008). Therefore, it is unlikely that the same ionic imbalances and 

Gd extravasation would be observed. If that is the case, it could provide insight into why AWB 

animals exhibit faster recovery as compared to collagenase animals. 

 

3.7 Conclusions 

This thesis evaluated the nature of BBB dysfunction after experimental ICH by 

measuring the temporal progression of BBB permeability and relating it to ion dyshomeostasis 

in the acute phase following stroke. Our findings confirm previous research finding that BBB 

injury peaks within 3 – 4 days of ICH. However, we reported the novel finding that there is high 

variability in BBB injury resolution; thus, future research should elucidate the mechanisms 

underlying this phenomenon. Furthermore, we established novel methodology and 

demonstrated that acute ion dyshomeostasis and BBB dysfunction occur after ICH. Ion 

dyshomeostasis is likely associated with BBB injury in vulnerable tissue. Taken together, these 

findings detail BBB injury after stroke and may inform future translational research. Finally, we 

advocate for the use of XFI to image Gd to allow for detailed spatial mapping of BBB injury. 
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TABLES 

Table 1-1. Comparison of the two most commonly used intracerebral hemorrhage models, 

including model characteristics and clinical relevance. 

Autologous whole blood model Collagenase model 
 

Characteristics* 

Less neutrophil infiltration Greater neutrophil infiltration 

Less tissue loss Greater tissue loss 

Less extensive white matter damage More extensive white matter damage 

Less severe functional deficits; faster 
recovery 

More severe and longer-lasting functional 
deficits 

Less edema Greater edema 

  

Clinical relevance** 

Does not mimic spontaneous vessel rupture Mimics spontaneous vessel rupture  

No hematoma expansion – relevant for 
~70% of patients 

Hematoma expansion – relevant for ~30% 
of patients 

Edema onset is faster and resolved more 
quickly  

Edema onset is faster and resolved more 
quickly 

Poor relevance for modeling deficits Greater relevance for modeling functional 
deficits in patients 

Elevated inflammatory response Elevated inflammatory response 

*as compared to the other model 

**as compared to clinical populations 
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Table 2-1. Relationship (Pearson’s rho) between Gd concentration and Ca, Cu, Cl, Fe, K, Mn, and 

Zn concentration in the hematoma and perihematoma zone at day 3 post-ICH. Bolded p-values 

indicate p < 0.05. 

 Hematoma Perihematoma Zone 

 r p value r p value 

Ca 0.731 0.160 N/A N/A 

Cu 0.811 0.096 N/A N/A 

Cl 0.575 0.311 0.541 0.134 

Fe 0.663 0.223 -0.412 0.494 

K 0.644 0.241 0.849 0.049 

Mn 0.989 0.001 N/A N/A 

Zn 0.606 0.279 N/A N/A 
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Table 2-2. Relationship (Pearson’s rho) between Gd concentration and Fe, Cl, and K 

concentration every 180 µm into the perihematoma zone at day 3 post-ICH. Bolded p-values 

indicate p < 0.05. 

 

 Fe Cl K 

Distance r P r p r p 

0 – 180 -0.318 0.249 0.108 0.701 0.419 0.200 

181 – 360 -0.086 0.760 0.358 0.191 0.294 0.287 

361 – 540 -0.284 0.301 0.454 0.089 0.528 0.043 

541 – 720 -0.277 0.318 0.334 0.224 0.460 0.084 

721 – 900 -0.161 0.567 0.401 0.139 0.499 0.058 

901 – 1080 -0.153 0.587 0.611 0.016 0.565  0.028 

1081 – 1260 -0.499 0.058 0.619 0.014 0.595  0.019 
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FIGURES 

 

Figure 1-1. Blood-brain barrier structure. From Armin Kübelbeck 

(https://commons.wikimedia.org/wiki/File:Blood_vessels_brain_english.jpg), “Blood vessels 

brain English”, https://creativecommons.org/licenses/by/3.0/legalcode. 

  

https://creativecommons.org/licenses/by/3.0/legalcode
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Fe2+ + H2O2 ----> Fe3+ + .OH + OH- 

Figure 1-2. Fenton’s Reaction. 
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Figure 2-1. Evans Blue extravasation at day 3 was significantly higher than days 7, 14, and SHAM 

in the IPSI hemisphere. Significant elevations persisted to day 7. There were no differences in 

Evans Blue extravasation in the CONTRA hemisphere (A). High variability was observed at all 

times measured (B). A chi-squared test revealed a significant relationship between BBB 

dysfunction incidence and time in the IPSI, but not CONTRA, hemisphere (C). *P < 0.05 **P < 

0.01 ***P < 0.001.  
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Figure 2-2. Representative images comparing X-ray fluorescence imaging of Gd (A) Fe (B), Cl (C) 

and K (D). The black line marks the hematoma boundary. Diffusion of ion dyshomeostasis and 

BBB permeability are more easily assessed using X-ray fluorescence imaging than cresyl violet 

staining (E). Cresyl violet staining confirms the hematoma boundaries determined with XFI. 

Tissue in the hematoma is more fragile and appears to have been damaged/destroyed in the 

staining process (E).  
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Figure 2-3. X-ray fluorescence analysis reveals that Ca, Cu, and Zn in the hematoma are 

unaffected by intracerebral hemorrhage at day 3 post-injury (A, C, H). Cl, Fe, Gd, and Mn 

concentrations in the IPSI hematoma were significantly increased as compared to CONTRA and 

SHAM hemispheres (B, D, E, G). K concentrations were significantly decreased in the IPSI 

hematoma as compared to CONTRA and SHAM hemispheres (F). *P < 0.05 **P < 0.01 ***P < 

0.001.  
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Figure 2-4. There was a distance main effect for Gd, Fe, and Cl, such that values were highest in 

the hematoma and decreased with distance into the perihematoma zone (A-C). There was a 

distance main effect for K, where values were lowest in the hematoma and normalized with 

distance into the perihematoma zone (D). *P < 0.05 as compared to CONTRA. ‡ P < 0.05 as 

compared to SHAM. Hematoma is shown for reference but was excluded from the analyses. 
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Figure 2-5. The proportion of Cl and K variance accounted for by Gd concentration does not 

change with distance from the hematoma edge for most animals (A, C). Gd concentration can 

strongly predict Fe concentration close to the hematoma/PHZ interface. This effect disappears 

with distance into the PHZ (B). Each regression line represents a single sample. Red data points 

indicate a significant correlation. 


